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Abstract

Investigating the Intracellular Trafficking of Polymeric Vehicles for Gene Delivery

Julie Shi

Chair of the Supervisory Committee
Associate Professor Suzie Pun, Ph.D.
Bioengineering

Gene therapy has the potential to revolutionize the treatment of diseases caused by genetic
mutations. The development of effective, biocompatible synthetic gene delivery vectors can
be improved by understanding the intracellular trafficking processes of these vectors. Part
I focuses on the mechanistic evaluation of parameters that may be important for nonviral
gene delivery. Chapter 1 provides a short introduction to nonviral gene delivery, methods
used to determine the intracellular distribution of nonviral vectors, and general development
of fractionation methods for determining the intracellular distribution of biologics. Chapter
2 uses the methods optimized in Chapter 1 to determine the bulk intracellular distribution
of a synthetic cationic polymer carrier and cargo DNA in a cultured cell line. Chapter 3 is
a mechanistic evaluation of the role of particle morphology on gene transfer. In Part II, we
describe the development of peptide-functionalized materials for gene delivery. Chapter 4 is
areview of the synthetic peptide-polymers developed in the Pun lab. Chapter 5 describes the
incorporation of degradable segments into the peptide-polymers, while Chapter 6 describes
the incorporation of an endosomal buffering peptide into these polymers. Finally, a new
approach to identifying intracellular targeting ligands to a model organelle is described
in Chapter 7. Chapter 8 concludes with recommendations for future work based on our

findings.
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Part I

UNDERSTANDING THE INTRACELLULAR BARRIERS TO GENE
DELIVERY WITH POLYMERIC VECTORS

The first section is focused on the development of quantitative tools for probing the in-
tracellular trafficking barriers to non-viral gene delivery, particularly with the use of cationic
polymeric vectors, and using these methods to investigate the intracellular distribution of

various polymeric vectors and their cargo. There are three chapters in this section:

e Chapter 1 introduces the current methods for probing the intracellular delivery of
macromolecules, with a focus on nucleic acids, as well as general method development
for fractionation techniques used to separate intracellular organelles in cultured cell
lines, with an application to determine the intracellular distribution of a polymer-

antibody drug conjugate;

e Chapter 2 applies the fractionation methods developed in Chapter 1 to investigate
the intracellular trafficking of polyethylenimine gene carriers and their plasmid DNA

cargo;

e and Chapter 3 investigates the role of particle morphology on subsequent gene trans-
fection by examining various steps in the trafficking process, such as cellular uptake,

intracellular trafficking kinetics and distribution, and cargo unpackaging.



Chapter 1

DEVELOPMENT OF SUBCELLULAR FRACTIONATION METHODS
FOR PROBING THE INTRACELLULAR DISTRIBUTION OF
POLYMERIC VECTORS AND CARGO

Julie Shi, Brian Chou, Jennifer L. Choi, Geoffrey Y. Berguig, Oliver W. Press,
Patrick S. Stayton, and Suzie H. Pun

Abstract

Subcellular fractionation can be a powerful method for tracking delivery vehicles and their
cargo in intracellular organelles. The aim of this work is to establish a quantitative method
for determining the intracellular distribution ofpolymer/DNA complexes (“polyplexes”) in
cultured cell lines using subcellular fractionation techniques. Separation of cytosol and
organelle compartments using a combination of differential and density-gradient centrifu-
gation was confirmed by marker enzyme assays and western blotting. Fluorescent-labeling
and radiolabeling were also evaluated for tracking polyplex distribution. To demonstrate
the versatility of these methods, fractionation studies were carried out to determine the
cytosolic distribution of a radiolabeled antibody-polymer conjugate.! Fractionation and la-
beling methods were optimized, and are used to quantify the distribution of both cationic

polymer and plasmid DNA in Chapter 2.

'Reproduced with permission from Berguig, G.Y., et al., Intracellular delivery and trafficking dynam-
ics of a lymphoma-targeting antibody-polymer conjugate, Molecular Pharmaceutics, 9, pp. 3506-14.
Copyright(© 2012 American Chemical Society.



1.1 Introduction

1.1.1 Non-viral gene therapy

Gene therapy involves the use of plasmid DNA to introduce transgenes into cells that inher-
ently lack the ability to produce the protein that the transgene is programmed to generate.
As a result, gene therapy has potential to be used in many therapeutic applications. The
first federally approved human gene therapy protocol was initiated in 1990 for the treatment
of X-linked severe combined immunodeficiency (SCID) [1]. In 2009, scientists reported the
successful long-term gene-therapy-based treatment for SCID due to adenosine deaminase
deficiency [2]. Patients with Leber congenital amaurosis, a form of congenital blindness,
are showing continued visual improvement three years after a single unilateral injection of
the gene vector [3]. Currently, diseases with complex etiologies such as cancer, infectious
diseases, cardiovascular diseases, and neurodegenerative diseases are also being targeted for
gene therapy [4].

There are two main approaches to gene delivery: viral and non-viral. Gene therapy
that employs viruses as carriers of DNA has proved successful because viral vectors enable
high transfection efficiencies and promote long-term gene expression. However, viral vectors
tend to be toxic, cause inflammatory responses, become resistant after repeated uses, and
are limited in cargo capacity. The use of non-viral vectors, such as polymers, may resolve
these issues. Non-viral vectors are more stable than viral vectors, cause fewer adverse
physiological effects, and are not limited by genome size.

In particular, the use of cationic polymers as vectors for gene therapy is promising be-
cause of their low toxicity, high biocompatibility, and ease of preparation [5]. Cationic
polymers bind to anionic DNA molecules to form positively charged nanoparticles. Because
the cell surface is negatively charged, the positively charged surface of polymeric nanopar-
ticles can improve non-specific DNA uptake by cells. Unfortunately, vectors consisting of
DNA and polycations, called “polyplexes”, are much less efficient in gene transfer than viral
vectors. To improve efficiency, polyplexes have been engineered to overcome several barriers
to non-viral gene therapy such as cellular uptake, endo-lysosomal degradation, transloca-

tion to the nucleus, and transcription of the delivered DNA construct. However, our current



knowledge of how well these engineered constructs are overcoming these obstacles is limited.

Here we describe the current technologies available for analyzing the cellular distribution
of biologics, with an emphasis on synthetic gene delivery vectors and associated cargo.
The intracellular dynamics of nanomedicines, including non-viral carriers, and overviews
of various methods for investigating these dynamics has been recently reviewed by several
groups [6-10]; thus, the focus of this brief review will be focused on the methodologies

currently under development for tracking biologics delivery vectors.

1.1.2  Quantitative analysis tools for probing polyplex cellular uptake and intracellular pro-

cessing

Small molecule drugs going through the FDA approval process must undergo a series of ex-
tensive pharmacokinetic studies to determine drug biodistribution. However, in contrast to
small-molecule drugs, complex biological drugs such as gene delivery vectors are composed
of several elements due to their multifunctional nature, and quantitative knowledge must
be acquired about the whereabouts of each constituent of the drug. To complicate matters,
the target site of these complex biologics is often in the cell. Current methods of under-
standing the intracellular trafficking of complex biologics are limited; nonetheless, recent
progress in developing quantitative tools to understand intracellular processes have allowed
further insight into this aspect of gene delivery vectors and their cargo. New approaches
and techniques in organelle fractionation and analysis were recently reviewed [11], so this
section will focus on the application of these techniques for tracking biologics in intracellular

organelles.

Subcellular fractionation

Subcellular fractionation methods allow for the separation of organelles based on mass, size,
electrophoretic mobility, and density [12], and have been extensively used for determining
the quantitative intracellular distribution of polymeric carriers and their therapeutic cargo.
Although initially developed for isolation of organelles from rat liver, subcellular fractiona-

tion techniques have been adapted for use with tissue cultured cell lines. Subcellular frac-



tionation involves two main steps: (1) efficient yet gentle homogenization of cells, and (2)
separation of organelles, most often via centrifugation. The simplest method for subcellular
fractionation, called differential centrifugation, uses increasing g-forces to pellet organelles
based on mass and size. However, this process results in cross-contamination between or-
ganelles and the potential to inadvertently lyse organelle compartments due to repeated
centrifugation and pelleting steps. More recently, density-gradient centrifugation, which
separates organelles based on buoyant density, has allowed for increased resolution and de-
creased cross-contamination between organelle compartments [13]. However, the process is
tedious, and resolution between organelles of common buoyant density (e.g. endosomes and
lysosomes) is low.

During instances where endosomal and lysosomal separation is not imperative, density
gradients can be used to determine the intracellular distribution of polymer-drug conju-
gates. A density gradient using Percoll, a density medium that uses colloidal silica particles
to self-generate gradients, was used in determining the intracellular distribution of HPMA
copolymers conjugated to mesochlorin eg monoethylenediamine (Mceg), a photosensitizer
used to target solid tumors which has enhanced damaging capabilities in late endosomes
and plasma membrane [14]. The same gradient was also used in determining the efficiency
of HPMA-Tat conjugates to localize in the cytoplasm, rather than lysosomes [15]. However,
the organelle distribution of conjugates was determined against the organelle distribution of
an untreated cell control. An iodixanol gradient was used to determine the subcellular local-
ization of fluorescently-labeled polyethylene glycol (PEG)-polyester dendron G4; addition
of the conjugates perturbed the distribution of endocytic organelles [16]. Similar methods
were also used in determining the intracellular distribution of branched polyethylenimine
(bPEI)/plasmid DNA polplexes, and the distribution of organelles in density gradients were
also shifted upon polyplex treatment [17]. Therefore, it is important to determine organelle
populations with treated cells to attain accurate analyses.

Several techniques to overcome the lack of resolution between endosomes and lysosomes
use density-shift methods [18], immunoisolation [19], or selective hypotonic lysis [20]. Many
studies have used horseradish peroxidase (HRP) to increase the density of endosomes in

order to separate them from lysosomes. Similarly, treatment of animals with Triton WR-



1339 has also improved the isolation of lysosomes from rat liver [21]. Also, the density of
plasma membranes was increased when labeled with colloidal gold before homogenization.
However, these methods require perturbation of the natural state of the cell, and can po-
tentially affect quantification when using these methods for tracking of complex biologics.
In contrast, immunoisolation allows the isolation of organelles based on antibody affinity,
and has been effective in isolating pure populations of organelles. Unfortunately, since the
capture efficiencies are rarely 100%, it would be difficult to use this technique for quantify-
ing the intracellular distributions of biologics. Schroter et al. reported the optimization of
a relatively quick differential centrifugation method where selective hypotonic lysis of lyso-
somes was used to separate endosomes and lysosomes [20]. However, cross-contamination
between compartments can be an issue without careful washing.

Other methods, such as electrophoresis, take advantage of charge differences between
organelles for separation. Several electrophoresis methods, such as free-flow electrophoresis
(FFE) [22], capillary zone electrophoresis (CZE) [23], and density-gradient electrophoresis
(DGE) [24] have been used to effectively separate endosomes and lysosomes; the latter
method was also recently used to determine the intracellular distribution of non-viral vectors
[25]. In FFE, acidifying organelles are separated by their electrophoretic mobility since
they generate a membrane potential. In DGE, differences in both the density and charge
of proteins, cells, and organelles are exploited by driving electromigration of the charged
species through a viscous medium that varies in density in the same dimension as the
applied electrical potential [26]. As a result, this method is particularly useful for separating
and collecting different classes of endosomes and lysosomes, which have differential surface
protein expression and membrane composition [24, 27-31]. However, some studies have
shown considerable overlap between early endosomes and other organelles, such as Golgi,
ER, and plasma membrane. Microfluidics (micro-FFE) have also been used to circumvent
excessive Joule heating caused by the electric currents necessary for organelle separation in
electrophoretic setups, and has been successful used for the isolation of mitochondria [32-35].

The use of antibodies can also enable the isolation of very pure populations of or-
ganelles. For example, endosomes have been isolated using immunoisolation, a method

where an organelle-specific antibody (e.g. anti-EEA1 for endosomes) is used to capture



endosomes from crude organelle preparations [19]. However, this method is impractical to
use for studying the intracellular distribution of drugs across multiple organelles. Organelle-
specific antibodies are also used in fluorescence-activated organelle sorting (FAOS). Similarly
to fluorescence-activated cell sorting (FACS), FAOS uses fluorescently-labeled antibodies to
tag particular organelles, which are then separated using flow cytometry. This method is
particularly useful in determining the subcellular localization of fluorescently-labeled conju-
gates [36]; however, affinity-based methods are dependent on the efficiency of the antibody
to capture its target, and so, differential binding between antibodies can potentially skew
results.

Few studies to date have attempted to use subcellular fractionation to quantify the
intracellular distribution of biologics. There are multiple reasons for this: (1) separation
techniques are complicated and tedious, often requiring specialized equipment, (2) the scale
on which these experiments occur often require large amounts of material and are ill-suited
for high-throughput analysis of conjugates, and (3) meaningful data can be obfuscated by
contamination between organelle populations. Nevertheless, quantitative assessment of the
intracellular distribution of therapeutics can provide valuable insight into the intracellular
trafficking of these materials, leading to more accurate model predictions [37, 38] and a
quantitative understanding of how the organelle distribution of synthetic vectors are affected
by slight chemical modifications.

In particular, quantitative data about the localization of plasmids delivered using non-
viral vectors can be crucial in understanding potential barriers to gene delivery [39]. Co-
hen et al. isolated nuclei and quantified the number of intranuclear plasmids delivered
by lipoplexes and polyplexes [40]. By doing this, it was discovered that although similar
amounts of plasmid was delivered to nuclei, protein expression was higher for lipoplexes, in-
dicating that intranuclear polyplex unpackaging was inefficient. Other studies have also used
subcellular fractionation to quantify plasmid DNA delivered to the nucleus using PEI [41],
liposomes [42, 43], or adenovirus [44]. Quantitative analyses can also be used in developing
predictive models for gene delivery [45]. For example, plasmids delivered using a water-
soluble lipopolymer (WSLP) were quantified in plasma membrane, cytosol, lysosomes, and

nuclei using real-time polymerase chain reaction (RT-PCR) and the results were applied



to a multi-compartment mathematical model [38]. Plasmids isolated from nuclei were also
quantified and used to perform sensitivity analyses with trafficking rate constants for PEI,
Lipofectamine, and adenoviral vectors [37]. In addition, radiolabeled plasmid DNA com-
plexed with an RGD-oligolysine peptide and cationic liposomes was tracked in endosomes
and lysosomes separated using a Percoll gradient and density-shift of endosomes [46]. An
increase in intact DNA was found in the nuclear fraction when liposomes were used over

just the peptide alone.

Simpler differential centrifugation techniques have also been used to verify the efficient
endosomal release of therapeutic antibodies. For example, anti-CD3, an antibody that is
taken up wia receptor-mediated endocytosis in Jurkat T-cell lymphoma cells and rapidly
degraded in lysosomal compartments, was detected in vesicular fractions after a simple
cytosolic/vesicular separation [47]. When the antibody was conjugated to a pH-sensitive
polymer that became membrane-lytic at endosomal pH, the antibody was seen in the cytoso-
lic fraction as well. However, the study was only semi-quantitative, using western blotting

as verification.

Whole-cell quantification methods

Due to the potential leakage of organelles during subcellular fractionation, recent progress in
developing quantitative whole-cell techniques involving fluorescence microscopy have been
made. In particular, Harashima and coworkers used confocal scanning laser microscopy
to quantify fluorescently-labeled polyplexes and lipoplexes in nuclei, cytosol, endosomes,
and lysosomes [48]. Since fluorescence intensity is not quantifiable, pixel number was used
instead to quantify rhodamine-labeled plasmid DNA in confocal microscopy slices. Us-
ing this method, it was determined that the major barrier to delivery of plasmid DNA
with oligoarginine (Rg) was entrapment in endosomes/lysosomes, which were labeled with
LysoSensor. This method was also used to determine differences in subcellular distribution
between lipoplexes and adenovirus [49, 50]. However, using fluorescence as a quantitative
tool has been well-criticized due to the sensitivity of fluorophores to environmental factors,

such as ionic strength [51], pH [52], and temperature [53].



Techniques without the need for fluorescently or radiolabeling the material include con-
focal Raman microscopy and secondary mass spectrometry [6, 54, 55]. However, most of
these methods have only been applied to small molecule drugs, such as paclitaxel [56]. More
tedious methods have also been used, such as quantifying gold nanoparticle uptake in iso-
lated organelles by electron microscopy [55]. A high-throughput version of this method was
recently used to quantify the intracellular distribution of gold-labeled siRNA /lipid nanopar-
ticles [57].

1.2 Objectives

Cellular fractionation was developed to isolate organelles, initially from rat liver [58], and
then from cultured cell lines and other tissue types [59]. Fractionation methods have been
optimized to extract particular organelles, or to determine the relative separation of a variety
of organelles. Due to the robustness of fractionation methods, we sought to optimize cellular
fractionation methods for determining the intracellular distribution of a labeled polymeric
carrier and its cargo in organelles involved in intracellular trafficking, namely the plasma
membrane, cytosol, endosomes, and lysosomes. Previous reports have demonstrated the use
of cellular fractionation methods to determine the intracellular distribution of polymer-drug

conjugates [14-16] as well as gene delivery vectors [40, 41, 46].

We propose to optimize subcellular fractionation methods to track polymeric carriers
and their cargo DNA in a cultured cell line. Subcellular fractionation techniques will be
developed to isolate nuclei, cytosol, endosomes, and lysosomes. Polyplexes will then be
incubated with cells for various amounts of time and quantified in collected fractions, which
will correspond to different intracellular compartments. In addition, we will evaluate differ-
ent labeling methods to determine the optimal labeling of the polymer and DNA for these

fractionation studies.
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1.3 DMaterials and methods

1.5.1 Materials

60% (w/v) OptiPrep (iodixanol) was purchased from Axis-Shield (Norton, MA). HALT
protease inhibitor cocktail was purchased from Thermo Fisher Scientific (Pittsburgh, PA).
Amine-reactive Alexa Fluor 647 was purchased from Invitrogen (Grand Island, NY). 10X
Tris/glycine/SDS running buffer, polyacrylamide gels, and filter paper were purchased from
Bio-Rad (Hercules, CA). PVDF membrane was purchased either from Bio-Rad (Hercules,
CA) or Millipore (Billerica, MA). Horseradish Peroxidase (HRP)-conjugated goat anti-
mouse (no. 554002), mouse anti-EEA1 (250 #g/mL, no. 610457) mouse anti-Rabs (250 1e/mL,
no. 610725) antibodies were purchased from BD Biosciences (San Diego, CA). Mouse anti-
LAMP?2 antibody was purchased from the Developmental Studies Hybridoma Bank (super-
natant, no. H4B4, Towa City, IA). All cell culture medium and supplements were purchased
from Cellgro/Mediatech (Fisher Scientific, Pittsburgh, PA). All chemical reagents, includ-
ing poly(ethylenimine) (PEI, 25,000 8/mol, branched), were reagent-grade or better and were
purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted. Endotoxin-free plas-
mid pCMV-Luc2 was prepared by using the pGL4.10 vector (Promega, Madison, WI) and
inserting the CMV promoter /intron region from the gWiz Luciferase (Aldevron, Madison,
WI). The plasmid was isolated and produced with the Qiagen Plasmid Giga kit (Qiagen,

Germany) according to the manufacturer’s instructions.

1.8.2  Cell culture

HeLa (human cervical carcinoma) cells were grown in minimum essential medium (MEM)
supplemented with 10% FBS and 100 IU penicillin, 100 #g/mL streptomycin, and 0.25 #g/mL
amphotericin B. Cells were passaged when they reached ~80% confluency.

Ramos-AW (human EBV-positive Burkitt’s lymphoma B cells) were grown in RPMI-
1640 medium supplemented with 20 mM HEPES, 2 mM L-glutamine, 10% FBS, and 1001U
penicillin, 100 #8/mL streptomycin. Cell density was maintained at 3 x 10° cells per mL. All

cells were grown at 37°C, 5% COa.
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1.8.8 Labeling of PEI with Alexa Fluor 647

To label PEI with Alexa Fluor 647, 3.21 mg of branched PEI (25kD) was reacted at a
1:3 molar ratio with Alexa Fluor 647 carboxylic acid, succinimidyl ester (Invitrogen) in
1M sodium biocarbonate, pHS&8.3, for 1h at room temperature in the dark. Excess dye
was removed by applying the labeling solution to a PD-10 column (GE Healthcare), and
the eluent, containing the labeled polymer, was lyophilized. The resulting polymer was
reconstituted in 0.1X PBS and the pH was adjusted to 6.5 by adding 0.1N HCI. The
labeled polymer was characterized using a standard curve of dye alone to determine labeling
efficiency and the Cu(II) acetate assay, as previously described [60], for the determination

of PEI concentration.

1.8.4 Acetylation of PEI with [4C]- or PHJ- acetic anhydride

Branched polyethylenimine (bPEI, MW 25,000 8/mol) was reacted via acetylation of amines
to obtain [**C]- or [*HJ-labeled polymer. 20mg of bPEI was dissolved in 100 uL dioxane
and incubated with 5molar eq. of ['4CJacetic anhydride (50mCi/mL) and 20 molar eq. of
N, N-diisopropylethylamine (DIPEA) per 25 kDa polymer for 2h at room temperature. The
reaction was quenched by adding 500 pL 0.1% glacial acetic acid (in dH20O). Unreacted acetic
anhydride and DIPEA was removed by applying the reaction mixture through a desalting
spin column (Zeba, 7Tk MWCO, Thermo Fisher Scientific, Rockford, IL). The resulting eluent
was characterized for the final bPEI concentration using a Cu(II) acetate assay [60] and by
scintillation counting. The final polymer concentration was measured to be 3.78/L at ~7 x
10% cpm/ur. The polymer was diluted to a stock of 1mg/mr in 0.1X PBS, acidified to pH6
with 0.1 N HCI, and stored at 4 °C. Further dilution of the polymer was carried out in dH»O.

1.8.5 Treatment of cells with fluorescently-labeled polyplexes

A stock solution of PEI was prepared at 10 mg/mL in 0.1X phosphate buffered saline (PBS),
and the pH was adjusted to 6.5 by adding 0.1 N HCIl. To formulate polyplexes, pCMV-
Luc2 plasmid DNA was diluted to 0.1 mg/mL in DNase/RNase-free HoO and mixed with
an equal volume of Alexa Fluor 647-labeled PEI at an amine to DNA phosphate (N/P)



12

ratio of 5. Polyplexes were then allowed to incubate for 10 min at room temperature in
the dark. For fractionation studies, 2 mL of the polyplex solution (containing 100 ug DNA)
was mixed with 18 mL of Opti-MEM medium (Invitrogen). For each time point, 10 million
HeLa cells were grown in 15-cm plates at a concentration of 5 million cells per plate. Cells
were washed once with PBS and incubated with 10 mL of polyplexes in OptiMEM for 0,
2, or 4h at 37°C, 5% COs. Following incubation with polyplexes, cells were prepared for

cellular fractionation.

1.3.6  Preparation of iodizianol gradients

Continuous iodixanol gradients were prepared either as previously described [16], with some
modifications, or as described in Axis-Shield application sheet S44. As described in Manunta
et al., a stock solution of 60% iodixanol (OptiPrep) was diluted to a working stock solution
of 50% (v/v) iodixanol with a sucrose buffer (0.25M sucrose, 6 mM EDTA, 60 mM HEPES-
NaOH, pH7.4). The working solution was further diluted to either 5% or 20% iodixanol
with TES buffer (0.25M sucrose, 10mM triethanolamine, 1mM EDTA, pH7.4). 5-20%
continuous iodixanol gradients were prepared by layering 5.5 mL 5% iodixanol on top of
5.5mL 20% iodixanol in a 13 mL ultracentrifuge tube and preparing continuous gradients
using a Gradient Master (Biocomp, New Brunswick, Canada).

As described in Axis-Shield application sheet S44, a stock solution of 60% iodixanol was
diluted to a working stock solution of 40% with solution A (235 mM KCI, 12mM MgCly,
25mM CaClg, 30mM EGTA, 150 mM HEPES-NaOH, pH 7.0). The working solution was
further diluted to either 5% or 20% iodixanol with solution B (78 mM KCI, 4mM MgCls,
8.4mM CaCly, 10mM EGTA, 50 mM HEPES-NaOH, pH 7.0). 5-20% continuous iodixanol

gradients were prepared as described above.

1.8.7 Cellular fractionation of HeLa cells using differential centrifugation

Differential centrifugation to separate nuclei, plasma membrane, cytosol, endosomes, and
lysosomes was carried out as described previously [20], with some modifications. Briefly,

two 15-cm plates of 5 x 10% HeLa cells per plate were seeded overnight at 37°C, 5% COa.
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All subsequent steps were completed at 4°C, on ice, and with pre-chilled reagents. Cells
were washed three times with PBS, gently lifted off the plates in 5mL PBS, washed off
the plates several times with PBS, and transferred into pre-chilled conical tubes. Cells
were then pelleted at 500g for 5min, and resuspended in 10 mL PBS. Cells were pelleted
again and then resuspended in 5mL TES buffer (0.25M sucrose, 10 mM triethanolamine,
1mM EDTA, pH 7.4, with added 1X protease inhibitors). Cells were then homogenized by
passing through a 25 5/s-gauge needle until greater than 90% cell lysis was achieved, as
determined with trypan blue staining. Cell debris and unbroken cells were pelleted at 2000g
for 2min (fraction De). The supernatant was collected in a new tube and pelleted again
at 2000g for 2min. The supernatants were combined and centrifuged at 4000g for 2 min
to pellet a crude fraction of plasma membrane and nuclei (fraction PN). The supernatant
was then transferred into a new tube and pelleted again at 4000¢g for 2min. The combined
supernatants were centrifuged at 100,000¢g for 2min to pellet mitochondria, endosomes,
and lysosomes (EL). The supernatant was collected in a new tube and centrifuged again
at 100,000¢ for 2min. The supernatant was designated as the cytosol (fraction C). The
resulting pellet (fraction EL) was resuspended in dH2O and incubated for 10 min. The
solution was centrifuged again at 100,000¢ for 2 min, resulting in a pellet of mitochondria

and endosomes (fraction E) and a supernatant of lysosomes (fraction L).

1.3.8 Cellular fractionation of HeLa cells using iodixanol gradients

Two 15-cm plates of 5 x 10° HeLa cells per plate were seeded overnight at 37°C, 5%
CO2. In some experiments, cells were treated with polyplexes for various times at 37°C,
5% COg prior to cell harvesting. All subsequent steps were completed at 4°C, on ice, and
with pre-chilled reagents. Cells were washed three times with PBS, gently lifted off the
plates in 5mL PBS, washed off the plates several times with PBS, and transferred into
pre-chilled conical tubes. Cells were then pelleted at 500¢ for 5min, and resuspended in
10mL PBS. Cells were pelleted again and then resuspended in 5mL TES buffer (0.25M
sucrose, 10 mM triethanolamine, 1 mM EDTA, pH 7.4, with added 1X protease inhibitors).

Cells were then homogenized by passing through a 25 5/8-gauge needle until greater than
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90% cell lysis was achieved, as determined with trypan blue staining. Nuclei and unbroken
cells were pelleted at 1000g for 5 min. In other experiments, after washing in PBS, cells were
resuspended in 5 mL homogenization medium (0.25M sucrose, 78 mM KCl, 4 mM MgCly,
8.4mM CaCly, 10mM EGTA, 50 mM HEPES-NaOH, pH 7.0), pelleted, and homogenized in
1 mL homogenization medium. The resulting post-nuclear supernatant (PNS) was subjected

to various fractionation procedures, as follows.

For separation of cytosol and vesicular organelles, PNS (2mL) was layered on top of a
step-gradient of 5% (300 uL) and 20% (200 pL) iodixanol and centrifuged at 200,000g for 2 h
at 4°C. 200 uL fractions were collected from the top and stored at -80 °C for further analysis.
In other experiments, the PNS instead was layered on top of 10 uL. cushion of 2.5 M sucrose
and centrifuged 100,000¢g for 30 min at 4°C. The supernatant, containing the cytosol, was
transferred and the resulting pellet was resuspended in 500 uL. TES buffer, layered on top of
another 10 ul. 2.5 M sucrose cushion, and centrifuged again at 100,000¢g for 10 min at 4 °C.
The supernatants were combined and the resulting pellet was resuspended in 500 uL. TES
buffer. Aliquots of the samples were snap-frozen in liquid nitrogen and stored at -80°C for
further analysis.

For separation of endosomes and lysosomes, either PNS or the bottom 3 fractions from
the initial cytosolic/vesicular fractionation were layered on top of a 5-20% continuous iodix-
anol gradient. Fach time, a control gradient was prepared with equal volume of TES buffer
instead of cell lysate. The tubes were then centrifuged at 114,000¢g or 90,0009 (SW41) for
16-18 h at 4 °C. Twenty-eight 500 L fractions were collected from the top of the gradient us-
ing an automated fraction collector (Brandel). Collected fractions were placed immediately

on ice, aliquoted, and stored at -80°C until further analysis.

1.8.9 Cellular fractionation of Ramos-AW cells

Cytosolic and endosomal/lysosomal fractions containing HD39 antibody /streptavidin (SA)
conjugates [61] were separated by cellular homogenization and fractionation. Briefly, hot
antibody was complexed with poly(propylacrylic acid) (PPAA) as previously described [61].
3 x 107 cells were treated with 25nM [PHJHD39/SA or [*HJHD39/SA-PPAA for 1h pulse
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and 5 h chase. 100 pL of media containing cells and conjugate were collected at the beginning
of the pulse for scintillation counting. All further steps were completed at 4°C, on ice,
or with pre-chilled reagents. After treatment, cells were washed twice in 10 mL. PBS and
pelleted each time at 500¢g for 5 min. Cells were resuspended in 5 mL TES buffer and pelleted
at 1000¢ for 6 min. The cells were homogenized by passing through a 261/2-gauge needle until
greater than 90% cell lysis was achieved, as determined with trypan blue staining. Nuclei
and unbroken cells were pelleted at 1000g for 5 min. The resulting PNS was layered on top of
10 L cushion of 2.5 M sucrose and centrifuged 100,000¢g for 30 min at 4 °C. The supernatant,
containing the cytosol, was transferred and the resulting pellet was resuspended in 500 pL
TES buffer, layered on top of another 10 ul. 2.5 M sucrose cushion, and centrifuged again
at 100,000g for 10 min at 4°C. The supernatants were combined and the resulting pellet
was resuspended in 500 uL. TES buffer. Aliquots of the samples were snap-frozen in liquid
nitrogen and stored at -80°C for further analysis. Fractions were dissolved in Ultima Gold
scintillation fluid (Perkin Elmer, Santa Clara, CA) to measure tritium on a scintillation

counter (Beckman LS-6500).

1.3.10 Determination of gradient density

The density of the control gradient fractions was determined by measuring the refractive

index (refractometer manufacturer). The density of the gradient was calculated using:

p=An—B

where p is the density of the gradient fraction (8/mL), 7 is the refractive index, A and B are

coefficients for ionic and non-ionic media, and are equal to 3.459 and 3.622, respectively [62].

1.3.11 Marker enzyme assays

All fractions were analyzed for lactate dehydrogenase activity (cytosol) [63], N-acetyl-(-
glucosaminidase activity (lysosomes) [64], and protein content.

For lactate dehydrogenase activity, 1 uL of each fraction was added to 100 uL. NADH /Tris/
NaCl (0.244 mM NADH, 81.3 mM Tris, 203.2mM NaCl, pH 7.2) and equilibrated to 30°C.
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At tg, 20 uL of Tris/ NaCl/Na-pyruvate (81.3 mM Tris, 203.2mM NaCl, pH7.2, 9.76 mM
Na-pyruvate) was added to each sample and the absorbance at 339 nm was measured every
10 min for 1h at 30°C using a plate reader (Tecan Safire?). The linear portion of the slope
As3g vs. time was compared to a standard of lactate dehydrogenase enzyme.

For N-acetyl-g-glucosaminidase activity, 10 uL. of each fraction was added to 70 uL of
citrate-phosphate buffer containing substrate (100 mM citrate-phosphate, pH 4.7, 7.5 mM
p-nitrophenol- N-acetyl-3-D-glucosaminide) and incubated for 1h at 37°C. To stop the re-
action, 200 uL of borate buffer (200 mM borate buffer, pH9.8) was added to each sample.
The specific enzyme activity was calculated by measuring the absorbance at 405 nm using
a plate reader and comparing the released p-nitrophenol to a standard of p-nitrophenol.

Protein content was measured using a protein assay kit (Bio-Rad) according to the
manufacturer’s instructions, using immunoglobulin as a standard.

For studies with Alexa Fluor 647-labeled PEI, the fluorescence of each fraction was

determined using a plate reader (ex. 647/20nm, em. 670/20 nm).

1.3.12  Protein precipitation using trichloroacetic acid (TCA) and sodium deoxycholate

(DOC)

To increase protein loading for SDS-PAGE, aliquots of fractions (250-300 uL.) were precip-
itated using 100% TCA and 2% (w/v) DOC. /100™ volume eq. of 2% DOC was added
to 1 volume eq. of protein sample. The sample was then vortexed and incubated on ice
for 30 min. 1/10t volume eq. was added to each sample and incubated overnight at 4°C.
The samples were then centrifuged at 15,000¢g for 15 min at 4°C, and the supernatant was
removed. The protein pellets were washed twice with ice-cold acetone, vortexed, and repel-
leted. The pellets were allowed to dry and then resuspended in 1X Laemmli sample buffer

prior to SDS-PAGE.

1.3.18  Immunoblotting

Aliquots from each fraction were diluted with 5X reducing sample buffer (Pierce) and applied

to a pre-cast 4-20% polyacrylamide gel (Bio-Rad). In other experiments, protein from equi-
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volume aliquots were precipitated using TCA and DOC, and diluted in 1X Laemmli sample
buffer (Bio-Rad) prior to loading onto a gel. Gels were run in a standard Tris/glycine/SDS
buffer (25 mM Tris, 192mM glycine, 0.1% SDS, pH®8.3) at 100V for ~45min. Proteins
were then transferred onto a PVDF membrane using standard conditions (25 mM Tris,
192 mM glycine, 0.1% SDS, 10% methanol) for 1.5h at 100 V. Non-specific binding sites were
blocked by incubation in blocking buffer (Superblock, Pierce) for 1h at room temperature.
Membranes were then either probed with mouse anti-Rab5 (1:1000) or anti-LAMP2 (1:500)
in blocking buffer overnight at 4 °C. After 3 x 10 min washes with Tris-buffer saline, pH 7.6,
0.1% Tween-20 (TBS-T), membranes were probed with HRP-conjugated goat anti-mouse
antibody (1:100,000) in blocking buffer for 1h at room temperature. Membranes were
washed 3 x 10min with TBS-T and developed with chemiluminescent substrate (West
Femto, Pierce). Chemiluminescence was detected using a Kodak imager (Image Station

4000MM, Rochester, NY).

1.3.14 In vitro transfection with labeled polymer

HeLa cells were seeded at 30,000 cells/mL per well overnight at 37°C, 5% COx prior to
transfection. Polyplexes were formulated with either unlabeled bPEI, Alexa Fluor 647-
labeled bPEI, or radiolabeled bPEI (~1 x 10° cpm ['4C]bPEI + ~1 x 10° cpm [*H]bPEI)
at N/P 5 by adding eqivolumes of polymer to plasmid DNA (0.18/L), pipetting up and down
to mix, and incubating for 10 min at room temperature. After the polyplexes were formed,
20 pLi (containing 1 ug DNA) was mixed with 180 uL of Opti-MEM medium (Invitrogen).
Seeded cells were washed once with PBS and then treated with 200 pL of polyplexes in Opti-
MEM, which was added dropwise on top of the cells. After a 8h incubation at 37°C, 5%
COg in a humidified environment, the cells were washed once again with PBS and incubated
in 500 pL of fresh complete medium for an additional 40 h. Cells were harvested and assayed
for luciferase expression at 48 h. This was done by washing cells once with PBS, adding of
200 L reporter lysis buffer (Promega, Madison, WI), and then performing one freeze-thaw
cycle to complete the lysis of cells. Lysates were collected and centrifuged at 14,000¢g for

2min. Luminescence was carried out following the manufacturers instructions (Promega,
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Madison, WI). Luciferase activity is reported in relative light units (RLU) normalized by

mg protein (RLU/mg), as measured by a microBCA Protein Assay Kit (Pierce).

1.4 Results and discussion

1.4.1 Fractionation using differential centrifugation

As a first approach, a differential centrifugation scheme was used to separate nuclei and
plasma membrane (fraction PN), cytosol (fraction Mi/C), endosomes (fraction E), and lyso-
somes (fraction L) (Figure 1.1A). Due to the multiple washes and centrifugation steps, only
50% of the total protein was recovered after the separation. Of the recovered protein, 29.3%
remained in fraction De, 5.55% in fraction PN, 51.4% in fraction Mi/C, 6.2% in fraction E,
and 7.56% in fraction L (Figure 1.1B). Lysosomes, as detected by hexosaminidase activity,
were found in all fractions to varying degrees, but mostly in fraction Mi/C and L, indicat-
ing incomplete separation of cytosol and lysosomes (Figure 1.1C). Cytosol, as detected by
lactate dehydrogenase (LDH) activity, was found mostly in fraction Mi/C (Figure 1.1D).

These results indicate that lysosomes did not pellet efficiently from the cytosolic fraction.

1.4.2  Fractionation using a 5-20% continuous iodizanol gradient

Since differential centrifugation resulted in significant organellar contamination between
fractions, a density-gradient centrifugation scheme was used instead (Figure 1.2A). To sep-
arate organelles involved in the endocytic pathway (cytosol, endosomes, lysosomes), the
post-nuclear supernatant was applied onto a 5-20% continuous iodixanol gradient and the
fractions collected were analyzed for cytosolic, lysosomal, and protein content (Figure 1.2B).
Protein was mostly detected in the lesser dense fractions (fractions 2-8) and distributed
throughout the rest of the gradient. LDH activity was detected mostly in fractions 2-7,
while hexosaminidase activity was distributed into two peaks, a less dense (fractions 1-9)
and denser (fractions 11-22) peak. Further analysis by immunoblotting for EEA1, a pro-
tein associated with early endosomes, indicated that endosomes were localized to fraction 4
(Figure 1.2C). Immunoblotting for LAMPI, a lysosomal membrane protein, indicated the

denser peak detected by the hexosaminidase assay were indeed lysosomes (data not shown);
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Figure 1.1: Cellular fractionation using differential centrifugation. (A) Schematic
for differential centrifugation. Ten million HeLa cells were homogenized (crude), centrifuged
to pellet destroyed cells (De) sequentially centrifuged at increasing g-forces to separate nu-
clei/plasma membrane (PN), microsomes/cytosol (Mi/C), endosomes (E), and lysosomes
(L). (B) Total protein in collected fractions. (C) Hexosaminidase enzyme activity normal-
ized to protein content in collected fractions. (D) Lactate dehydrogenase enzyme activity
normalized to protein content in collected fractions. Data are represented as mean + S.D.,
n=3.

however, LAMP1 was not detected in lighter fractions. These results indicate that cytosol
and endosomes are co-eluting in the lesser dense section of the gradient and separation was

achieved between endosomes and lysosomes.

1.4.8  Subcellular distribution of fluorescently-labeled polymer/DNA complexes

To determine if polyplexes could be tracked in gradients, a model polymer, branched
polyethylenimine (bPEI), was fluorescently labeled with Alexa Fluor 647 and incubated
with cells for 2h prior to fractionation on a 5-20% iodixanol gradient. Similarly to the

fractionation without polyplex treatment, LDH activity was detected in the lesser dense
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Figure 1.2: Cellular fractionation using a 5-20% continous iodixanol gradient.
(A) Schematic for density-gradient centrifugation using a 5-20% continous iodixanol gra-
dient. Ten million HelLa cells were homogenized, centrifuged to pellet destroyed cells and
nuclei, and the resulting post-nuclear supernatant (PNS) was placed onto a 5-20% conti-
nous iodixanol gradient. Fractions were collected after organelles reached their equilibrium
bouyant density. (B) Lactate dehydrogenase enzyme activity (red squares), hexosaminidase
enzyme activity (green triangles), total protein (purple diamonds), and gradient density
(black circles) in collected fractions. (C) Immunoblotting for EEA1 in fractions 1-7.

section of the gradient (fractions 2-8) while hexosaminidase activity was distributed into a
lesser dense (fractions 2-8) and denser peak (fractions 11-20) (Figure 1.3). Interestingly, the
denser peak of the hexosaminidase activity seemed less broad than the denser peak with-
out polyplex treatment. Polyplexes, detected by fluorescence measurements, were detected
throughout the gradient, with a sharp peak at the denser end of the gradient (fractions

18-22). Initial density-gradient studies using a Hoechst 33258 as a marker for nuclei showed
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a peak positive for Hoechst at fractions 17-24, suggesting that polyplexes may be associated
with nuclei that did not pellet during the initial centrifugation. However, Hoechst dyes have

also been shown to stain isolated mitochondria [65].
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Figure 1.3: Subcellular distribution of Alexa Fluor 647-labeled PEI polyplexes.
Ten million HeLa cells were incubated for 2h with Alexa Fluor 647-labeled PEI polyplexes
and fractionated using a 5-20% continous iodixanol gradient. Lactate dehydrogenase en-
zyme activity (red squares), hexosaminidase enzyme activity (green triangles), total protein
(purple diamonds), PEI polyplex fluorescence (orange circles), and gradient density (black
circles) in collected fractions.

1.4.4 Fractionation using a 2-step procedure

In order to separate cytosol and endosomes, a two-step fractionation procedure combining
differential and density-gradient centrifugation was used (Figure 1.4A). Crude preparations
of nuclei/plasma membrane, microsomes/cytosol, and endosomes/lysosomes were prepared
using differential centrifugation, and each fraction was then placed onto a 5-20% iodixanol

gradient (Figure 1.4B) to further separate endosomes and lysosomes. LDH was found mostly
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in the Mi/C fraction and was distributed in the lesser dense portion of the gradient (Figure
1.4C). Hexosaminidase activity was found mostly in the Mi/C and EL fractions (Figure
1.4D). Hexosaminidase activity was again split into a lesser dense and denser peak, with
the lesser dense peak in the Mi/C fraction and the denser peak in the EL fraction. Further
analysis by immunoblotting showed that early endosomes remained in the Mi/C fraction
(Figure 1.4E), indicating incomplete endosomal pelleting in the last step of differential

centrifugation.

- EL 16 h

B PN
Homogenlze
cells vic [l Mic collect
2(](](] g 4(]009 100 00(]g 5 20% 114000 g fractions

B 116 D 0.09

e oos PN
gL 0.06
E 11 0.05
F 1.08 0.04
& 106 003
108 s
1.02

1 2 3 4 5 6 7 8 9 10 11 12 13 14

0.70 nq/
060 | c
el 050
07 ——MifC
06 EL 030
05
% 04 € 0w
03 010

00 »—5—

0 1 2 3 4 5 6 7 8 5 101 1213 14 040 EL
E Fraction Number
030
5 AR R, R ®l 020
SR : ox
x LS ht bl 3 Sl 0.10
PNS PN9 10 11 12 13 Mi/C1 2 3 0.00

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Fraction Number

oo
@ o
p-nitrophenal (mmol)
°
4
B

Normalized LDH
(fraction/PNS)

Figure 1.4: Cellular fractionation using a 2-step procedure. (A) Schematic for 2-step
fractionation procedure. Ten million HeLa cells were subjected to an initial differential cen-
trifugation step prior to fractionation using a 5-20% continous iodixanol gradient. (B) Gra-
dient density in collected fractions. (C) Lactate dehydrogenase enzyme activity in collected
fractions from samples PN (black circles), Mi/C (red triangles), and EL (green squares).
(D) Hexosaminidase enzyme activity in collected fractions from samples PN, Mi/C, and EL.
(E) Immunoblotting for EEA1 in collected fractions.
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Previous studies have shown that introducing horseradish peroxidase (HRP) into en-
dosomes could increase the buoyant density of endosomes, thereby allowing endosomes to
appear in denser portions of the density gradient [18]. To determine if polyplex treatment
could have the same effect as HRP, fluorescently-labeled PEI polyplexes were incubated with
cells for 30min, 2h, or 4h and subsequently fractionated using the two-step fractionation
procedure. At 30 min, LDH activity was mostly found in fractions 1-2 in the Mi/C fraction
(Figure 1.5), but seemed more dispersed throughout the entire gradient than previously de-
tected (Figure 1.4C). The denser peak of hexosaminidase activity was also shifted slightly
downwards (Figure 1.5). After 2h, LDH activity appeared in three distinct peaks while
hexosaminidase activity appeared as two characteristic lesser dense and denser peaks. By
4h, the two denser peaks of LDH activity seemed more diffuse and less intense while hex-
osaminidase activity remained relatively unchanged. These results suggest that polyplexes
may be interacting with soluble cytosolic proteins and subsequently perturbing cytosolic
density in the gradient. Furthermore, immunoblotting for EEA1 showed that endosomes
still remained in the Mi/C fraction (data not shown). Unfortunately, fluorescence of the
labeled polymer could not be detected in any fraction, suggesting that fluorescence may not

be sensitive enough for these fractionation studies.

1.4.5 Optimizing cytosolic vs. vesicular fractionation

As a first approach to optimize for the separation of cytosol and endosomes, cytosol and
membrane-bound organelles were separated by centrifugation of the PNS at 150,000¢g for
1h in a swinging-bucket rotor. However, the resulting pellet was difficult to resuspend
and was unusable for further separation. Therefore, a small buffer layer of 20% iodixanol
was placed underneath the PNS during centrifugation so that membrane-bound organelles
could remain intact (Figure 1.6A). Since EEA1 can also be detected in the cytosol [66], the
protein Rab5 was used as an early endosomal marker instead. Immunoblotting for Rab5
showed a small percentage of endosomes remained in the cytosol (fraction C) (Figure 1.6B).
To increase cytosolic and early endosomal separation, an additional layer of 5% iodixanol

was added in between the PNS and 20% iodixanol layer, the centrifugation was increased to
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Figure 1.5: Cytosolic and lysosomal distribution after treatment with PEI poly-
plexes for up to 4h. Ten million HeLa cells were incubated with PEI polyplexes for
30min, 2h, or 4h at 37°C before fractionation using a 2-step procedure. Gradient density
is shown in the top row. Lactate dehydrogenase enzyme activity in collected fractions from
samples PN (black circles), Mi/C (red triangles), and EL (green squares).

200,000¢ for 2h, and 10-100 pL fractions were taken from the top of the discontinuous step
gradient (Figure 1.7A). Early endosomes, as detected by Rab5, appeared mostly in fractions
9-10 (Figure 1.7B), although LDH activity seemed distributed throughout the middle of
the gradient, peaking around fraction 6 (Figure 1.7C). To further separate endosomes and
lysosomes, fractions 9-10 were placed onto a 5-20% continuous iodixanol gradient (Figure
1.8A). LDH activity remained in fractions C1-C8 while hexosaminidase activity was detected
in one major peak at fractions 12-18 (Figure 1.8B). However, separation of cytosol and
endosomes in the initial fractionation step was not reproducible since a repeated experiment
showed a large amount of LDH in lighter fractions of the continuous iodixanol gradient
(Figure 1.8C).

The fractionation procedure of cytosol and membrane-bound organelles was further mod-

ified to include a wash step so that residual cytosol would be removed from the vesicular
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Figure 1.6: Optimizing cytosolic vs. vesicular separation using a small cushion
of 20% iodixanol. (A) Schematic for cytosolic vs. vesicular separation. The post-nuclear
supernatant (PNS) from 10 million HeLa cells were centrifuged on top of a small cushion
of 20% iodixanol to separate cytosol from vesicles. (B) Immunoblotting for Rab5 in PNS,
cytosolic, and vesicular fractions.

pellet (Figure 1.9A). In addition, a fixed angle rotor was used instead of a swinging-bucket
rotor since the necessary volume for centrifugation was reduced, facilitating further separa-
tion on a density gradient, and separation time was shortened due to increased centrifugal
forces. Immunoblotting for Rab5 and LAMP2, a lysosomal-associated membrane protein,
demonstrated that endosomes were pelleted with the vesicular fraction (Figure 1.9B). Fur-
thermore, greater than 99% of the total LDH activity was seen in the cytosolic fraction

(data not shown), indicating little contamination of cytosol in the vesicular fraction.

1.4.6 Cytosolic and vesicular distribution of antibody-polymer conjugates in Ramos-AW

cells

To demonstrate that materials could be quantified after cellular fractionation, the cytoso-
lic and vesicular distribution of a model antibody-polymer conjugate [61] was determined
using the fractionation procedure in Figure 1.9A. HD39 is an anti-CD22 internalizing mon-

oclonal antibody (mAb) developed for the treatment of Non-Hodgkin lymphoma [67]. The
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Figure 1.7: Optimizing cytosolic vs. vesicular separation using a small cushion
of 5 and 20% iodixanol. (A) Schematic for cytosolic vs. vesicular separation. The
post-nuclear supernatant (PNS) from 10 million HeLa cells were centrifuged on top of a
small cushion of 5 and 20% iodixanol to increase separation of cytosol from vesicles. (B)
Immunoblotting for Rab5 in PNS and collected fractions. (C) LDH activity in collected
fractions.

antibody is taken up wia receptor-mediated endocytosis, where it is trafficked to lysosomes
for degradation. In order to increase cytosolic release and therapeutic effect, pH-responsive
polymers, such as poly(propylacrylic acid) (PPAA), have been conjugated to mAbs and
demonstrated increased efficacy [68]. Using the fractionation procedure in Figure 1.9A with
untreated Ramos-AW cells, an EBV-positive lymphoma B-cell line, most of the endosomes
were pelleted in the vesicular fraction (Figure 1.10A), and the vesicular fraction was devoid
of LDH activity (data not shown). Biotinylated HD39 was radiolabeled with tritium, con-
jugated to either streptavidin (SA) or PPAA-SA, pulsed with Ramos-AW cells for 1h, and
then chased with fresh media for an additional 5h. After the 1h pulse, ~95% of the total
applied HD39 or HD39/SA-PPAA appeared in the removed media and washes. After the
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Figure 1.8: Cellular fractionation using a 2-step procedure. (A) Schematic for re-
vised 2-step fractionation procedure. Ten million HelLa cells were subjected to an initial
differential centrifugation step to separate cytosol and vesicular organelles prior to frac-
tionation of the vesicular fraction using a 5-20% continous iodixanol gradient. (B) Total
protein, hexosaminidase enzyme activity, and lactate dehydrogenase enzyme activity in col-
lected fractions from one experiment. (C) Total protein, hexosaminidase enzyme activity,
and lactate dehydrogenase enzyme activity in a repeated experiment.

5h chase, only ~0.1-0.15% of the initial treatment was taken up by cells. Despite the low
percentage of uptake, radiolabeled antibody was still detected in subsequent fractionation
samples. Conjugation of PPAA to the antibody increased cytosolic release 3.5-fold (Figure
1.10B). However, a small amount of Rab5 was detected in the cytosolic fraction (Figure

1.10C). These results indicate that radiolabeled materials can be quantified successfully

after cellular fractionation.
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Figure 1.9: Optimizing cytosolic vs. vesicular separation using a small cushion
of 2.5 M sucrose. (A) Schematic for cytosolic vs. vesicular separation. Ten million HeLa
cells were subjected to a differential centrifugation step to separate cytosol and vesicular
organelles. The post-nuclear supernatant (PN) was centrifuged onto a 10 L cushion of
2.5 M sucrose, and the resulting pellet was washed, resuspended in buffer, and centrifuged
again to obtain a pure cytosolic supernatant and a vesicular pellet. (B) Immunoblotting
for Rabb and LAMP2 in post-nuclear supernatant (PNS), cytosolic (C), and vesicular (V)
fractions.

1.4.7 Fractionation using an improved 2-step procedure

To further separate endosomes and lysosomes, the vesicular fraction was resuspended and
placed onto a 5-20% iodixanol gradient (Figure 1.11A). Immunoblotting for Rab5 and
LAMP2 showed complete overlap of endosomes and lysosomes (fractions 14-18), indicating
that organelles may be aggregating together (Figure 1.11B). In order to decrease potential
organellar aggregation, salts were added to the homogenization buffer [69]. As a control,
the PNS was also directly applied to the continuous iodixanol gradients to determine if the
initial differential centrifugation step influenced endosomal/lysosomal distribution (Figure
1.11C). Without the initial centrifugation step, Rab5 was seen in two sections of the gra-
dient, a lesser dense section (fractions 2-6) and a denser section (fractions 14-16), while
LAMP2 was distributed throughout the middle of the gradient (fractions 11-17). When

just the vesicular fraction was applied to the gradient (Figure 1.11D), LAMP2 distribu-
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Figure 1.10: Cytosolic vs. vesicular distribution of HD39 and HD39/PPAA in
treated Ramos-AW cells. (A) Thirty million Ramos-AW cells were fractionated accord-
ing to the schematic in Figure 1.9A. Immunoblotting for Rab5 in the post-nuclear super-
natant (PNS), cytosolic (C), and vesicular (V) fractions. (B) Thirty million Ramos-AW cells
were pulsed with tritium-labeled HD39 or HD39/PPAA conjugates for 1h and then chased
for an additional 5h. Cells were then separated into cytosolic and vesicular fractions, and
radiolabeled antibody was detected in both fractions for each sample. (C) Immunoblotting
for Rab5 and LAMP?2 in untreated, HD39-treated, and HD39/PPA A-treated cell fractions.

tion remained unchanged while Rab5 was seen mostly in the cytosolic fraction. However,
previous studies have indicated that Rab) exists in both soluble and insoluble states, and
that the soluble version does not pellet [70]. These results indicate that separation be-
tween endocytic organelles could be further optimized. Other reports have also indicated

that separation between endosomes and lysosomes is difficult. Chin et al. reported greater
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resolution between early endosomes, recycling endosomes, and lysosomes by reducing the
volume of fractions collected off the gradient [70]. Sequential differential centrifugation com-
bined with continuous sucrose or glycerol gradients [71] was used to study the intracellular
trafficking of chemoattractant receptors in Chinese hamster ovary (CHO) cells; sucrose gra-
dients allowed the separation of endocytic organelles based on buoyant density while glycerol
gradients allowed organelle separation based on size. However, continuous iodixanol gra-
dients previously have been used to study the intracellular trafficking of the transferrin
receptor [72], polymer-drug conjugates [16], and proteins involved in the endocytic path-
way [70, 73]. Therefore, this density-gradient centrifugation method, verified with results
from differential centrifugation methods, may be sufficient for tracking the polymer carrier

and cargo DNA throughout various organelles.

1.4.8 Effect of polymer labeling method on transfection efficiency

Labeling method has been shown to influence the transfection efficiency for DNA [74], but
it is unknown how labeling methods of the polymer affect transfection rates, which may
indicate differential intracellular trafficking kinetics between labeled and unlabeled mate-
rials. To determine if fluorescently- or radio-labeled polymer transfected cells similarly to
unlabeled polymer, the Alexa Fluor 647-labeled bPEI and radiolabeled bPEI (a mixture
of ['4CJ- and [*HJ-labeled) were used to formulated polyplexes, and applied to HeLa cells.
Fluorescently-labeled bPEI transfected much less efficiently than unlabeled (5.9% of unla-
beled) while radiolabeled bPEI transfected only slightly less efficiently (59.4% of unlabeled)
(Figure 1.12A). Interestingly, labeling the polymer reduced cytotoxicity, with radiolabeled
polymer being the least toxic (Figure 1.12B). Thus, radiolabeling the polymer was detem-

ined to be the optimal method with the least impact on transfection efficiency.

1.5 Conclusions

Subcellular fractionation is a powerful tool that can be used to quantify the intracellular
distribution of non-viral vectors, such as polyplexes. Since quantification relies on accurate
separation of organelles, methods using differential centrifugation, density-gradient cen-

trifugation, or a combination of both, were assessed for separation of plasma membrane,
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Figure 1.11: Cellular fractionation using an improved 2-step procedure. (A)
Schematic for improved 2-step fractionation procedure. Ten million HelLa cells were sub-
jected to an initial differential centrifugation prior to the vesicular (V) fraction being sepa-
rated on a 5-20% continuous iodixanol gradient. (B) Immunoblotting for Rab5 and LAMP2
in collected fractions. (C) Immunoblotting for Rab5 and LAMP2 in collected fractions
from a PNS-loaded sample using a buffer including salts to help eliminate organelle aggre-
gation. (D) Immunoblotting for Rab5 and LAMP2 in collected fractions from a vesicular
pellet-loaded sample using a buffer including salts to help eliminate organelle aggregation.

endosomes, lysosomes, and nuclei. Furthermore, we evaluated different labeling methods
of the polymer and DNA to determine the optimal method for tracking both components
during the fractionation process. We found that an inital separation of cytosol and vesicu-
lar organelles by differential centrifugation, followed by a density gradient to separate the
remaining vesicular organelles, provided the best organellar resolution and reduced cross-
contamination between organelle populations. We also found that radiolabeling rather than
fluorescent-labeling was the more accurate in tracking the polymer and DNA. Therefore,

these optimized methods will be used to track bPEI polyplexes in Chapter 2.
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Figure 1.12: Transfection in HeLa cells with differentially labeled polymer. Poly-
plexes were formulated with either unlabeled, Alexa Fluor 647-labeled, or radiolabeled bPEI
at N/P 5, and applied to cells for 8 h. At 48h post-transfection, cells were washed and as-
sessed for (A) luciferase reporter expression, and (B) protein content. Data are presented
as the mean + S.D., n = 3, (*) p < 0.05, as determined by two-tailed Student’s ¢-test.
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Chapter 2

INVESTIGATION OF POLYETHYLENIMINE/DNA POLYPLEX
TRANSFECTION TO CULTURED CELLS USING RADIOLABELING
AND SUBCELLULAR FRACTIONATION METHODS

Julie Shi, Brian Chou, Jennifer L. Choi, Anh L. Ta, and Suzie Pun

Abstract

Quantitative analysis of the intracellular trafficking of non-viral vectors provides critical
information that can guide the rational design of improved cationic systems for gene deliv-
ery. Subcellular fractionation methods, combined with radiolabeling, produce quantitative
measurements of the intracellular trafficking of non-viral vectors and the therapeutic pay-
load. In this work, differential and density-gradient centrifugation techniques were used
to determine the intracellular distribution of radiolabeled 25 kD branched polyethylenimine
(bPEI) /plasmid DNA complexes (“polyplexes”) in HeLa cells over time. By differential
centrifugation, [ C]bPEI was found mostly in the lighter fractions whereas [PHJDNA was
found mostly in the heavier fractions. A majority of the intracellular polymer (~60%) and
DNA (~90%) were found in the nuclear fraction. Polymer and DNA also differed in their
distribution to heavier and denser organelles (lysosomes, mitochondria) in density-gradient
centrifugation studies. An unexpected finding from this study was that between 18-50% of
the DNA applied to the cells became cell-associated (either with the cell membrane and/or
internalized), while only 1-6% of the polymer did so, resulting in an effective N/P ratio of
less than 1. These results suggest that a significant amount of cationic polymer is dissociated

from the DNA cargo early on in the transfection process.!

!Reproduced with permission from Shi, J., et al. Molecular Pharmaceutics, 10, pp. 2145-56. Copyright(©
2013 American Chemical Society.
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2.1 Introduction

Non-viral vectors, such as cationic polymers and lipids, have been extensively investigated
for gene delivery [1]. Although non-viral vectors are generally considered safer than viral
vectors, they are much less efficient at delivering nucleic acids to cells than viruses [2-4].
Non-viral vectors encounter several barriers to gene delivery that viruses can readily over-
come, such as cellular uptake, endosomal escape, cytoplasmic translocation, and gene ex-
pression. Various moieties, such as endosomal escape peptides [5, 6] and nuclear localiza-
tion [7] sequences, have been incorporated into the design of non-viral vectors to overcome
these barriers; however, there are only a few studies that extensively investigate the impacts

of chemical modifications on the intracellular trafficking of synthetic vectors [8-11].

The intracellular fate of synthetic gene delivery vehicles has been studied by fluorescence
imaging, the use of chemical inhibitors, and subcellular fractionation. Fluorescence imaging
methods, such as confocal microscopy, have been used to determine the intracellular distri-
bution of non-viral vectors through colocalization studies with organelle labels [12]. While
informative, microscopy methods are only semi-quantitative, although several efforts to de-
velop quantitative microscopy techniques have been explored [13-15]. Chemical inhibitors
have also been used to selectively inhibit various endocytic pathways [16, 17|, although
the specificity and the effect of these inhibitors on normal cellular activity have been de-
bated [18]. Subcellular fractionation methods can provide quantitative data on intracellular
distribution of materials and have been used to determine amount of delivered DNA to
the nucleus with liposomal formulations [19] and poly(ethylenimine) (PEI) [20-22], and to
provide rate constants for quantitative models [4, 23, 24]. Some studies have also tracked
radiolabeled polyplexes in additional organelles using subcellular fractionation methods.
While fluorescence microscopy can be affected by environmental factors, such as pH and
temperature [25], radioactivity can provide substantially increased sensitivity and robust-
ness. Furthermore, the use of radiolabeled compounds allows for mass balance calculations,
so that 100% of the material applied to the sample can be tracked. Laurent et al. demon-
strated the use of differential and isopycnic centrifugation to track [**S]JDNA complexed with

poly(lysine) in vivo [9]. Colin et al. also tracked radiolabeled plasmid DNA (pDNA)/RGD-
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K¢ /Lipofectamine complexes in Percoll gradients, but horseradish peroxidase (HRP) was
used to shift endosomal density [10]. In addition, only the DNA was tracked in these stud-
ies, limiting our understanding of how the interplay between both carrier and DNA affects
intracellular polyplex trafficking.

The goal of this work is to quantify the intracellular distribution of cationic polymer
and pDNA complexes, or polyplexes, in native cell environments. We used differential and
density-gradient subcellular fractionation methods combined with radiolabeling to track
both branched poly(ethylenimine) (bPEI) and pDNA in HeLa cells, a commonly used cul-
tured cell line. We describe here a detailed approach to intracellular polyplex quantification,
in which, for the first time to our knowledge, both polymer carrier and cargo DNA are fol-
lowed in major organelles involved in polyplex trafficking. Polymer and pDNA were found
to differ slightly in their intracellular trafficking patterns, and thus, draws attention to the
necessity of more quantitative methods to investigate polyplex trafficking. We were also able
to quantify the cellular uptake, membrane association, and internalization of polymer and
DNA. These studies elucidated that a surprisingly low amount of polymer was internalized
into the cell relative to DNA, and suggest that further studies into the mechanism and role

of polycation-facilitated gene delivery are necessary.

2.2 DMaterials and methods

2.2.1 Materials

60%(w/v) OptiPrep (iodixanol) was purchased from Axis-Shield (Norton, MA). HALT pro-
tease inhibitor cocktail was purchased from Thermo Fisher Scientific (Pittsburgh, PA).
10X Tris/glycine/SDS running buffer, polyacrylamide gels, and filter paper were purchased
from Bio-Rad (Hercules, CA). PVDF membrane was purchased either from Bio-Rad (Her-
cules, CA) or Millipore (Billerica, MA). Horseradish Peroxidase (HRP)-conjugated goat
anti-mouse (no. 554002), mouse anti-Rab5 (250 #8/mL, no. 610725), and mouse anti-
CD49b (250 #8/mL, no. 611017) antibodies were purchased from BD Biosciences (San Diego,
CA). Mouse anti-LAMP2 antibody was purchased from the Developmental Studies Hy-

bridoma Bank (supernatant, no. H4B4, Towa City, TA). All cell culture medium and
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supplements were purchased from Cellgro/Mediatech (Fisher Scientific, Pittsburgh, PA).
Acetic anhydride['*C] was purchased from American Radiolabeled Chemicals (St. Louis,
MO). 2’-Deoxycytidine-5"-triphosphate (dCTP), [5-3H] (no. MT 847A), was purchased from
Moravek Radiochemicals (Brea, CA). Ultima Gold XR scintillation fluid was purchased from
Perkin Elmer (Waltham, MA). All other chemical reagents, including poly(ethylenimine)
(PEI, 25,000 &/mol, branched), were reagent-grade or better and were purchased from Sigma-
Aldrich (St. Louis, MO) unless otherwise noted. Endotoxin-free plasmid pCMV-Luc2 was
prepared by using the pGL4.10 vector (Promega, Madison, WI) and inserting the CMV
promoter/intron region from the gWiz Luciferase (Aldevron, Madison, WI). The plasmid
was isolated and produced with the Qiagen Plasmid Giga kit (Qiagen, Germany) according

to the manufacturer’s instructions.

2.2.2 Cell culture

HeLa (human cervical carcinoma) cells were grown in minimum essential medium (MEM)
supplemented with 10% fetal bovine serum (FBS) and 100U penicillin, 100 #g/mL strepto-
mycin, and 0.25 #g/mL. amphotericin B at 37°C, 5% COs. Cells were passaged when they

reached ~80% confluency.

2.2.8 Preparation of cell lysate for assessment of marker enzyme assays

For assessment of marker enzyme assays, a crude cell lysate was prepared. 20 x 10 HeLa,
cells were seeded in 150-mm plates (at 5 x 10° per plate) overnight at 37 °C, 5% CO,. Cells
were washed twice with cold phosphate-buffered saline (PBS), gently lifted off the plates
in 5mL cold PBS, washed off the plates once with PBS, and transferred into pre-chilled
conical tubes. Cells were then pelleted at 500¢ for 5min and resuspended in 10 mL cold
PBS. Cells were pelleted again and then resuspended in 5mL cold homogenization buffer
(0.25 M sucrose, 10 mM HEPES-NaOH, 1 mM EDTA, pH 7.4). After centrifugation at 1000g
for 6 min, the resulting pellet was resuspended in 2.5x the wet pellet mass of homogenization
buffer (with 1X protease inhibitors added). Cells were then lysed with six freeze-thaw cycles.

The protein concentration of the cell lysate was determined using a microBCA kit (Pierce)
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according to the manufacturer’s instructions.

2.2.4 Marker enzyme assays

Samples containing organelles were analyzed for hexosaminidase A activity (lysosomes)
[26], lactate dehydrogenase activity (cytosol), alkaline phosphatase (plasma membrane),
succinate dehydrogenase activity (mitochondria) [27], and total protein content.

For lactate dehydrogenase activity, 1 uL of each sample was added to 100 uL NADH/Tris/
NaCl (0.244 mM NADH, 81.3 mM Tris, 203.2mM NaCl, pH 7.2) and equilibrated to 30°C.
At tg, 20 uLi of Tris/NaCl/Na-pyruvate (81.3 mM Tris, 203.2mM NaCl, pH7.2, 9.76 mM
Na-pyruvate) was added to each sample and the absorbance at 339 nm was measured every
10min for 1h at 30°C using a plate reader (Tecan Safire?). The linear portion of the slope
of the absorbance at 339nm wvs. time was compared to a purified lactate dehydrogenase
enzyme standard.

For hexosaminidase A activity, 10 uL of each sample was added to 70 uL of citrate-
phosphate buffer containing substrate (100mM citrate-phosphate buffer, pH4.7, 7.5 mM
p-nitrophenol- N-acetyl-3-D-glucosaminide) and incubated for 1h at 37°C. To stop the re-
action, 200 uL of borate buffer (200 mM borate buffer, pH 9.8) was added to each sample.

For alkaline phosphatase activity, 20 uL. of each sample was added to 140 uL. borate
buffer containing substrate (50 mM sodium borate, 1 M MgCls, pH 9.8, 16 mM p-nitrophenyl
phosphate) and incubated for 1-4h at 37°C. The specific enzyme activity was calculated
by measuring the absorbance at 405 nm using a plate reader and comparing the released
p-nitrophenol to a standard of p-nitrophenol.

For succinate dehydrogenase activity, 20 ul. of each sample was added to 140 uL. of
Tris-EDTA-succinate buffer containing substrate (20 mM Tris-HCI, pH 7.4, 100 uM EDTA,
200 mM sodium succinate, 203 mM NaCl, 2.5 mg/mL 2-p-iodonitrotetrazolium violet (INT))
and incubated for 1-4 h at 37 °C. The specific enzyme activity was calculating by measuring
the absorbance at 492 nm using a plate reader and comparing the reduced INT to a standard

of formazan-INT.

Protein content was measured using a Bradford-based protein assay kit (Bio-Rad) ac-
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cording to the manufacturer’s instructions, using immunoglobulin as a standard.

2.2.5 Optimization of cell breakage

Since detergents can potentially displace polymer/DNA interactions, cell lysis was carried
out using mechanical techniques. The optimization of mechanical shear-induced cell break-
age through a 25-gauge needle was carried out as previously described [27], but with minor
modifications. HeLa cells (20 x 10%) were seeded into four 150-mm dishes overnight at
37°C, 5% CO9. All subsequent steps were completed at 4°C, on ice, and with pre-chilled
reagents. Cells were washed twice with PBS, gently lifted off the plates in 5mL PBS,
washed off the plates once with PBS, and transferred into pre-chilled conical tubes. Cells
were then centrifuged at 500g for 5 min and resuspended in 10 mLL PBS. Cells were pelleted
again and then resuspended in 5 mL homogenization buffer (0.25 M sucrose, 10 mM HEPES-
NaOH, 1mM EDTA, pH7.4). After centrifugation at 1000¢g for 6 min, the resulting pellet
was resuspended in 2.5x the wet pellet mass of homogenization buffer (with 1X protease
inhibitors added). The cell suspension was then passed through a 25-gauge needle up to 30
times, with 20 uLL aliquots taken after a various number of passes. The samples were diluted
with 100 uL. 250 mM sucrose, vortexed for 30s, and centrifuged at 2000¢g for 10 min. The
supernatant was then used to determine lactate dehydrogenase activity, using cells treated

with 0.1% (v/v) Triton X-100 as a reference for 100% cell breakage.

2.2.6 Acetylation of PEI with [* Clacetic anhydride

Branched polyethylenimine (bPEI; MW 25,000 &/mol) was reacted via acetylation of amines
to obtain [*C]-labeled polymer. 20mg of bPEI was dissolved in 100 uL dioxane and in-
cubated with 5molar eq. of [**Clacetic anhydride (50 mCi/mr) and 20 molar eq. of N,N-
diisopropylethylamine (DIPEA) per 25kDa polymer for 2h at room temperature. The re-
action was quenched by adding 500 uL 0.1% glacial acetic acid (in dH20). Unreacted acetic
anhydride and DIPEA was removed by applying the reaction mixture through a desalting
spin column (Zeba, 7k MWCO, Thermo Fisher Scientific, Rockford, IL). The resulting elu-

ent was characterized for the final bPEI concentration using a Cu(II) acetate assay [28] and
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by scintillation counting. The final polymer concentration was measured to be 3.7¢g/L at
~T x 10%cpm/y1,. The polymer was diluted to a stock of 1mg/mr, in 0.1X PBS, acidified to
pH 6 with 0.1 N HCI, and stored at 4 °C. Further dilution of the polymer was carried out in
dH50.

2.2.7 Labeling of plasmid DNA with [PH]dCTP

Plasmid DNA (pLuc2-CMV) was radiolabeled using nick translation and 2-deoxycytidine 5-
triphosphate, [5-3H] (2.5 mCi/mL), according to manufacturers instructions (GE Healthcare,
Pittsburgh, PA). Purification of unreacted nucleotides was completed using G50 microspin
columns (Probequant, GE Healthcare). The mass recovery was assumed to be 100% with

a final concentration of 9.1 #8/mL, at ~9 x 10% cpm/,1..

2.2.8 Gel retardation assay

Polyplex condensation was determined using a gel retardation assay. An equivolume of
polymer was added to 0.5 ug plasmid DNA at different charge ratios (N/P) and allowed
to complex for 10 min at room temperature. Prior to loading into a 0.8% agarose gel con-
taining TAE buffer (40 mM Tris-acetate, 1 mM EDTA), 10X BlueJuice loading buffer (Life
Technologies, Carlsbad, CA) was added to the samples. The gel was then electrophoresed
at 100V for 30-45min. Plasmid DNA was visualized using ethidium bromide staining wvia

an UV transilluminator (laser-excited fluorescence gel scanner, Kodak, Rochester, NY).

2.2.9 Uptake of radiolabeled polyplexes

Cells were seeded in 24-well plates at 2 x 10* cells per mL per well 24 h prior to polyplex
addition. Polyplexes were formulated at N/P5 by mixing 10 uL of [*H]DNA /unlabeled
DNA mixture (final concentration of 0.18/L in water at ~5 x 10° com/mL) with 10 uL. bPEI
(65.3 ng/mL) for 10 min at room temperature prior to 10-fold dilution in reduced serum me-
dia (Opti-MEM, Life Technologies, Carlsbad, CA). Cells were washed once with PBS, and
then incubated with 200 L polyplexes (in Opti-MEM) for 4h at 37°C, 5% CO,. After

the incubation period, cells were washed once with PBS, allowed to incubate with 200 uL
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CellScrub (Genlantis, San Diego, CA) for 15 min at room temperature, washed twice with
DPBS (without divalent cations), trypsinized, and then collected for scintillation counting.
For other time points (6, 8, 12, 24 h), cells were washed once with PBS after the 4 h incuba-
tion with polyplexes and replaced with complete media. At various time points after media
replacement (2, 4, 8, 20h), cells were washed with PBS, CellScrub, DPBS, and trypsinized

as above. All washes and solutions were collected and analyzed for radioactivity.

2.2.10 Treatment of cells with radiolabeled polyplezes for fractionation studies

For each time point, 5-20 x 10% cells were grown in 150-mm plates (5 x 10° cells per
plate). Polyplexes were formulated at N/P 5 by mixing 1 mL of [*H]DNA /unlabeled DNA
mixture (final concentration of 0.1¢/L in water at ~5 x 10°cpm/mr) with 1 mL [4C]bPEI
(65.3 #g/mL) for 10 min at room temperature. Polyplexes were then diluted with 18 mL Opti-
MEM. Each plate was washed once with PBS and incubated with 20 mL of polyplexes in
Opti-MEM for specified times at 37°C, 5% COs. In pulse-chase experiments, cells were
treated with radiolabeled polyplexes (in Opti-MEM) for 4h at 37°C, 5% COq, washed once
with PBS, replenished with complete media, and incubated at 37°C, 5% CO» for the chase

period.

2.2.11 Preparation of post-nuclear supernatant (PNS) for subsequent fractionation

5-20 x 105 HeLa cells were seeded in 150-mm plates (at 5 x 10° per plate) overnight at
37°C, 5% COs. In some experiments, cells were treated with polyplexes for various times
at 37°C, 5% COy prior to cell harvesting. All subsequent steps were completed at 4°C, on
ice, and with pre-chilled reagents. To remove dead/compromised cells, cells were washed
twice with PBS, gently lifted off the plates in 5 mL PBS, washed off the plates once with
PBS, and transferred into pre-chilled conical tubes. Cells were then pelleted at 500g for
5min and resuspended in 10 mL PBS. Cells were pelleted again and then resuspended in
5mL homogenization buffer. After centrifugation at 1000g for 6 min, the resulting pellet
was resuspended in 2.5x the wet pellet mass of homogenization buffer (with 1X protease

inhibitors added). Cells were then homogenized by passing through a 25-gauge needle until
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greater than 90% cell lysis was achieved, as confirmed by light microscopy. Nuclei and
unbroken cells were pelleted at 1000¢g for 10min. The pellet was resuspended in homoge-
nization buffer and centrifuged again. The resulting post-nuclear supernatant (PNS) was

combined from both washes and was subjected to various fractionation procedures.

2.2.12 Cellular fractionation of cytosolic and vesicular components

Separation of cytosol and vesicular organelles was carried out as previously described [29],
but with minor modifications. The PNS was layered on top of 10 uL. cushion of 2.5 M su-
crose and centrifuged 100,000¢g for 30 min at 4°C (Beckman TLS-100.3). The supernatant,
containing the cytosol, was transferred and the resulting pellet was resuspended in 500 pL
homogenization buffer, layered on top of another 10 ul. 2.5M sucrose cushion, and cen-
trifuged again at 100,000¢g for 10 min at 4°C. The supernatants were combined and the
resulting pellet was resuspended in 500 uL. homogenization buffer. In order to break up
the vesicular pellet, the resuspended pellet was passed gently through a 25-gauge needle.
For studies without additional fractionation, the sucrose cushion was omitted. Aliquots of

samples were snap-frozen in liquid nitrogen and stored at -80°C for further analysis.

2.2.13 Cellular fractionation via differential centrifugation

Cells were treated with radiolabeled polyplexes for 1h at 4°C to allow for binding prior
to incubation for 30min or 4h at 37°C, 5% CO,. After polyplex incubation, a post-
nuclear supernatant was prepared, and then centrifuged at 3000g for 10 min at 4°C. The
pellet (heavy mitochondrial fraction, or HM) was resuspended in 500 uL. homogenization
buffer and centrifuged again. The supernatants were combined and centrifuged at 15,000¢
for 10min at 4°C. The pellet (light mitochondrial fraction, or LM) was resuspended in
500 uL. homogenization buffer and centrifuged again. The supernatants were combined
again and centrifuged at 100,000¢g for 45min at 4°C (Beckman TLS-100.3). The pellet
(microsomal fraction, or MF') was resuspended in 500 uL. TES buffer and centrifuged again.
The supernatants (cytosolic fraction, or C) were combined. All pellets were resuspended

in 500 uL. homogenization buffer and gently passed through a 25-gauge needle to break
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up remaining aggregates. Aliquots of each fraction were stored at -80°C for subsequent

analyses.

2.2.14 Preparation of continuous iodixanol gradients

Continuous iodixanol gradients were prepared as previously described [30], with some minor
modifications. A stock solution of 60% iodixanol (OptiPrep) was diluted to a working stock
solution of 50% (v/v) iodixanol with a sucrose buffer (0.25 M sucrose, 6 mM EDTA, 60 mM
HEPES-NaOH, pH7.4). The working solution was further diluted to either 5% or 20%
iodixanol with TES buffer (0.25M sucrose, 10 mM triethanolamine, 1 mM EDTA, pH7.4).
5-20% continuous iodixanol gradients were prepared by layering 5.5 mL 5% iodixanol on top
of 5.5 mL 20% iodixanol in a 13 mL ultracentrifuge tube and preparing continuous gradients

using a Gradient Master (Biocomp, New Brunswick, Canada).

2.2.15 Cellular fractionation via density-gradient centrifugation

For separation of plasma membrane, endosomes, and lysosomes, the resuspended vesicular
pellet from an initial cytosolic/vesicular fractionation was layered on top of a 5-20% contin-
uous iodixanol gradient. For each experiment, a control gradient was prepared with equal
volume of homogenization buffer instead of cell lysate. The tubes were then centrifuged at
90,0009 (Beckman SW41) for 16-18h at 4 °C. Twenty-four 500 uL fractions were collected
from the top of the gradient using an automated fraction collector (Brandel, Gaithersburg,
MD). Collected fractions were placed immediately on ice, aliquoted, and stored at -80°C

until further analysis.

2.2.16 Determination of gradient density

The density of the control gradient fractions was determined by measuring the refractive

index (Reichert AR200, Depew, NY). The density of the gradient was calculated using

p=An—B
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where p is the density of the gradient fraction (8/mL), 7 is the refractive index, A and B are

coefficients for ionic and non-ionic media, and are equal to 3.459 and 3.622, respectively [31].

2.2.17 Determination of radioactivity

For optimization studies, 10 uL of polymer (N/P 5) was added to 10 uL [*PH]DNA /unlabeled
pDNA mixture (final concentration of 0.18/L in water at ~5 x 10°cpm/mr), mixed, and
allowed to incubate for 10 min at room temperature. Polyplexes were then treated with an
equivolume of either calf thymus DNA (0.58/L in dH20), 1M NaOH, or 10X trypsin, and
then allowed to incubate for 30 min prior to addition of scinitillation fluid. Samples from
fractionation studies were diluted with an equivolume of 1 M NaOH to disrupt electrostatic
interactions between the polymer and DNA. For samples collected from density-gradient
fractionation, a 5-fold excess of dHoO was added to the sample to dilute out quenching effects
from the iodixanol gradient media. 4-5 mL of scintillation fluid was added to each vial and
vigorously mixed prior to determining radioactivity levels on a liquid scintillation counter
(Beckman LS6500). The total radioactivity (counts per minute, or cpm) in each sample
was determined by combining the radioactivity found all collected washes and fractions. 3H

and '*C measurements were analyzed using methods described elsewhere [32].

2.2.18 Protein precipitation and immunoblotting

To increase protein loading for SDS-PAGE, aliquots of fractions (250 uL) were subjected
to trichloroacetic acid (T'CA)-deoxycholate(DOC)/acetone precipitation. The pellets were
then resuspended in Laemmli buffer (Bio-Rad) or reducing sample buffer (Pierce) prior
to SDS-PAGE. Samples were then applied to a pre-cast 4-20% polyacrylamide gel (Bio-
Rad) and electrophoresed through a standard Tris/glycine/SDS buffer (25 mM Tris, 192 mM
glycine, 0.1% SDS, pH8.3). Proteins were then transferred onto a PVDF membrane us-
ing standard conditions (25 mM Tris-base, 192mM glycine, 0.1% SDS, 10% methanol) for
1.5h at 100 V. Non-specific binding sites were blocked by incubation in blocking buffer
(Superblock, Pierce) for 1h at room temperature. Membranes were then either probed

with mouse anti-Rab5 (1:1000), anti-LAMP2 (1:500), or anti-CD49b (1:500) in blocking
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buffer overnight at 4°C. After 3x10min washes with TBS-T (20mM Tris-HCI, 137 mM
NaCl, 0.1% Tween-20), membranes were probed with HRP-conjugated goat anti-mouse
antibody (1:100,000) in blocking buffer for 1h at room temperature. Membranes were
washed 3x 10 min with TBS-T and developed with chemiluminescent substrate (West Femto,
Pierce). Chemiluminescence was detected (10-15min exposure) using a Kodak imager (Im-
age Station 4000MM, Rochester, NY). Blots were stripped with stripping buffer according
to manufacturer’s instructions (Restore stripping buffer, Pierce), and re-probed for the dif-

ferent antibodies. The density of each band was calculated using ImageJ.

2.3 Results

2.8.1 Uptake of PHIDNA /bPEI polyplezes

As a first approach to determine the time dependency of cellular uptake and internaliza-
tion of polyplexes, a pulse-chase experiment was performed using radiolabeled polyplexes.
Cells were treated with bPEI polyplexes formulated with [PH]DNA for 4 h, rinsed, and then
replaced with fresh media for up to an additional 20 h. Cell-surface associated polyplexes
were collected by a 15min incubation with CellScrub buffer. During the 4h pulse period,
the rate of surface-association and cellular internalization of polyplexes, as determined by
scintillation counting for the radiolabeled plasmid, appeared linear with time, with ~50%
of polyplexes associating with cells after 4h (Figure 2.1). During the chase period, the
percentage of cell surface-associated polyplexes decreased over time, from 35.9% to 11.3%,
as the percentage of internalized polyplexes increased over time, from 14.0% to 33.4%. The
percentage of polyplexes also increased slightly in the chase media over time, from 4.8% after
a 2h chase to 9.1% after a 20 h chase, indicating possible gradual dissociation of polyplexes
from the cell surface or polyplex exocytosis. These results suggest that the intracellular dis-
tribution of polyplexes is shifting from association with the plasma membrane to trafficking

through intracellular organelles over the duration of 24 h.
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Figure 2.1: Distribution of [3H|DNA /bPEI polyplexes after pulse-chase in cells
and cell supernatant. HeLa cells (2 x 10*) were pulsed with [*H]DNA /bPEI polyplexes
for 4h and then chased (black arrow) in complete media for an additional 2, 4, 8, or
20h. Media and washes collected during the pulse period was termed “pulse supernatant”
(and similarly with the “chase supernatant”, but with media and washes collected during
the chase period). CellScrub and corresponding washes collected was termed as “surface-
associated” polyplexes, while trypsinized cells was termed as “internalized” polyplexes. The
radioactivity counts of the pulse supernatant, chase supernatant, surface-associated, and
internalized samples were summed to calculate the total radioactivity. Data are presented
as mean + S.D., n = 3.

2.8.2 Validation of marker enzyme assays, optimization of cell breakage, and optimization

of preparation of samples for scintillation counting

Cellular fractionation studies have been used to quantitatively assess the intracellular distri-
bution of a number of polymer/liposome conjugates [10, 27, 30]. As an initial step, marker
enzyme assays were validated with cell lysate and methods for efficient cell lysis were opti-
mized in order to evaluate the organelle distribution after fractionation and maintain intact
organelles during fractionation, respectively. Various marker enzyme assays were assessed
for suitable limits-of-detection (LOD) using crude cell lysate. A linear relationship was
found between indicator release and amount of cell lysate in assays for alkaline phosphatase

(plasma membrane marker) (Figure 2.2A), hexosaminidase A (lysosomal marker) (Figure



52

2.2B), and succinate dehydrogenase (mitochondrial marker) (Figure 2.2C). Purified lactate
dehydrogenase was used as a standard for lactate dehydrogenase activity (cytosolic marker)
(Figure 2.2D). The LOD, defined as three standard deviations from the blank [33], was
0.34, 0.33, 3.9, and 0.35 pug protein in assays for alkaline phosphatase, hexosaminidase A,
succinate dehydrogenase, and lactate dehydrogenase activity, respectively. An assay for 5’-
nucleotidase, another commonly marker for plasma membrane, was also assessed, but the

LOD was too high for use in fractionation experiments (data not shown).

Next, the minimum number of 25-gauge needle passes necessary to efficiently release
organelles from whole cell suspensions was determined. A concentrated cell suspension was
passed through a 25-gauge needle for 0-30 passes followed by analysis of the supernatant
cytosolic leakage, as determined by lactate dehydrogenase release (Figure 2.3). A cell sus-
pension treated with 0.1% (v/v) Triton X-100 was used as a reference for 100% cell breakage.
Cell breakage through a 25-gauge needle was optimized at ~20 passes, which resulted in
92.1% release of lactate dehydrogenase. Attempts at gentle cell breakage using other tradi-
tional methods, such as a Dounce or Potter-Elvehjem homogenizer, yielded irreproducible

and insufficient breakage (data not shown), as well as significant loss of cell lysate.

Furthermore, initial studies to determine the radioactivity in samples revealed that poly-
plex packaging influenced measurement readings. Therefore, poly-L-lysine (PLL) or bPEI
polyplexes with [*H|DNA were treated with a final concentration of either 0.5 /L calf thy-
mus DNA, 0.5M NaOH, or 5X trypsin to restore radioactivity activity (Figure 2.4). Left
untreated, polyplexes showed 6-12% decrease in radioactivity compared to DNA alone.
Treatment with excess calf thymus DNA or trypsin did not restore measurements for both
polymers; only treatment with excess base provided near 100% of the radioactivity of un-
complexed DNA. Therefore, samples were diluted with equivolume of excess base prior to

radioactivity measurements.

2.3.83 Cytosolic and vesicular distribution of PEI polyplezes

Next, a simple fractionation method was used to separate nuclear, cytosolic, and vesicular

components to determine intracellular polyplex distribution in these major compartments
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Figure 2.2: Evaluation of marker enzyme assays. (A) HeLa cells (2 x 107) were lysed
through six freeze-thaw cycles and the resulting cell lysate was used to evaluate marker
enzyme assays for (B) alkaline phosphatase (plasma membrane), (C) hexosaminidase A
(lysosomes), (D) succinate dehydrogenase (mitochondria), and (e) lactate dehydrogenase
(cytosol). Data are presented as mean + S.D., n = 3.

over time. For sensitive tracking of both polymer and DNA, each component was radio-
labeled, used to form polyplexes, applied to cells, and then detected in isolated organelle

fractions. The partial acetylation of bPEI slightly affected polyplex condensation; complete
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Figure 2.3: Optimization of cell lysis with a needle and syringe. HeLa cells (2 x
107) were lysed through a 25-gauge needle and the supernatant was measured for lactate
dehydrogenase release after a various number of passages.

DNA retardation was observed at N/P 3 instead of N/P 2 in gel electrophoresis assays (Fig-
ure 2.5). Cells were pulsed with ['4C]bPEI/[*H]DNA polyplexes for 4h, rinsed, replaced
with fresh media, and then fractionated into nuclear, cytosolic, and vesicular components
after a 0, 2, 8, or 20 h chase period. The vesicular fraction contained membrane-associated
organelles, such as the plasma membrane, endosomes, lysosomes, and mitochondria (data
not shown). In general, the percentage of cell-associated [*H|DNA decreased slightly over
the chase period, from 30.2% to 25.6% (Figure 2.6A). This trend was also observed in Fig-
ure 2.1 by summing the percent [PH]DNA in surface-associated and internalized samples.
The percentage of cell-associated ['*C]bPEI also decreased slightly, from 4.5% to 3.4%.
Meanwhile, a gradual increase in [PHJDNA and [**C]bPEI was observed in the chase media
(Figure 2.6B). Of the total radioactivity found in the cell-associated fractions, 86.2-91.5%
of PH]DNA (Figure 2.6C) and 57.9-65.0% of ['“C]bPEI (Figure 2.6D) were present in the
nuclear fraction; however, since the nuclear fraction also contained up to 10% unbroken

cells, these values may be greater than the actual amount of nuclear-associated material.
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Figure 2.4: Optimization of polyplex unpackaging for radioactivity measure-
ments. Polyplexes were formed with 1 ug [PH]DNA /unlabeled DNA mixture and unlabeled
polymer, and subsequently treated with either 10 ug calf thymus DNA (to compete off ra-
diolabeled DNA), 0.5 M NaOH (to deprotonate amines on the polymer), and 5X trypsin (to
degrade polymer). Radioactivity counts are expressed as a percentage of the radioactivity
count from uncomplexed DNA.

[PHDNA and ['C]bPEI were present in the cytosolic fraction at low concentrations (less
than 10% of the post-nuclear fractions). The percentage of [PH]DNA and [**C]bPEI in the
cytosolic fraction peaked after 8 h chase to 0.79% and 3.71%, respectively, with effective N/P
ratios of 3.1-4.2 throughout the chase period. The percentage of [PH]DNA and [!4C]bPEI
in the vesicular fraction was highest at the beginning of the chase period (0h) at 13.3% and
40.3%, respectively, and then gradually decreased over the 20 h chase period. The effective
N/P ratios in the vesicular fraction was 2.4-2.8 throughout the chase period. In contrast,
the percentage of [PH]DNA and ['*C]bPEI in the nuclear fraction increased over time to
reach 91.5% and 65.0%, respectively, after the 20 h chase period, with effective N/P ratios
ranging from 0.45 to 0.53. These results indicate that most of the polymer and DNA remain
in membrane-associated organelle fractions (nuclear, vesicular) while very little material is

in the soluble cytosolic fraction. These results are consistent with polyplexes that remain
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Figure 2.5: Gel retardation assay of unlabeled and [*C]-labeled bPEI. [*C]-labeled
and unlabeled bPEI were complexed with unlabeled plasmid DNA at different charge ratios
(N/P) and loaded onto 0.8% agarose gels. Plasmid DNA was visualized using ethidium
bromide.

condensed in cytosolic and vesicular fractions, but disassemble prior to reaching the nuclear

fraction.

2.83.4 Differential centrifugation after treatment with PEI polyplexes

Crude separation into nuclear, cytosolic, and vesicular components only allowed a superficial
understanding of polyplex distribution. Therefore, more thorough fractionation procedures
were explored to further determine polyplex distribution within different organelle com-
partments in more detail. Differential centrifugation, in which organelles are separated on
the basis of mass, is commonly used to assess the relative distribution of materials in in-
tracellular compartments [25, 27, 34, 35]. Cells were treated with dual-labeled polyplexes
for 1h at 4°C to allow for polyplex binding to the cell surface but with minimal inter-
nalization (Figure 2.7A). Cells were then transferred to 37°C for 30min or 4h to allow

for polyplex internalization. We selected these times to investigate trafficking at an earlier
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Figure 2.6: Distribution of [P H]DNA /['*C]bPEI polyplexes after pulse-chase af-
ter cytosolic and vesicular fractionation. HeLa cells (5 x 10°) were pulsed with
[H]DNA/[*“C]bPEI polyplexes for 4h and then chased in complete media for an additional
2, 4, 8, or 20h. All media, washes, and cells were collected to calculate the total ra-
dioactivity count in the sample. The percent of total radioactivity of [*HJDNA /['4C]bPEI
measured in (A) cell-associated fractions and (B) chase supernatant. CellScrub and cor-
responding washes collected was termed as “surface-associated” polyplexes, while media
and washes collected during the chase period was termed “chase supernatant”. The ra-
dioactivity counts of all samples (media, washes, cells) were summed to calculate the total
radioactivity. The nuclear-associated, cytosolic, and vesicular distribution of (C) [*H]DNA
and (D) [**C]bPEI as a percent of the radioactivity found in intracellular fractions (nuclear,
cytosolic, vesicular). Data are presented as mean + S.D., n = 3.

time point (30 min) and at the same time point evaluated immediately after the pulse (4h)
in the aforementioned pulse-chase experiments. Afterwards, the cells were homogenized
and fractionated according to the differential centrifugation schematic described in Figure

2.7B. After 30 min, the total percentage of [*HJDNA and ['*C]bPEI associated with the cells
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was 15.5% and 1.2%, respectively. After 4h, the percentage increased to 48.0% and 5.6%,
respectively. After both 30 min and 4h, a majority of [PHJDNA and ['*C]bPEI in cell-
associated fractions was found in the nuclear fraction (for [*H]DNA, 87.4% after 30 min,
93.0% after 4h; for ["*C]bPEI, 73.2% after 30 min, 60.3% after 4h) (Figure 2.7C-D). Of
the post-nuclear fractions, [PH]DNA was found mostly in the heavy mitochondrial fraction
(HM) at 30min (77.4% of total [PH]DNA found in post-nuclear fractions) (Figure 2.7E),
and then distributed slightly throughout the lighter fractions by 4h. In contrast, ['*C]bPEI
was found distributed throughout all fractions (Figure 2.7F), with more polymer found in
the HM (40.6% of total ['*C]bPEI found in post-nuclear fractions) and light mitochondrial
fraction (LM) (30.9%). By 4 h, [**C]bPEI distributed to lighter fractions, with 31.9% found
in the LM and 40.9% found in the microsomal fraction (MF). After 30 min, the effective N/P
ratios were 0.34, 0.46, 1.4, 9.8, and 4.5 for NP, HM, LM, MF, and C fractions, respectively;
after 4h, the effective N/P ratios were 0.41, 1.3, 7.3, 10.3, and 3.9. The fold-increase of
[PH|DNA from 30min to 4h was 3.4, 1.4, 1.5, 12.9, and 12.7 for NP, HM, LM, MF, and
C, respectively, while the fold-increase of ['*C]bPEI was 3.7, 3.5, 7.4, 12.5, and 10.0. In
general, uptake of [PH]DNA and [*C]bPEI was significantly greater after 4h than after
30min. Interestingly, the fold-increase of ['*C]bPEI cellular association was slightly greater
than that of [PH|DNA (4.7 fold-increase for [1*C]bPEI vs. 3.1 fold-increase for [*H]DNA)
(Figure 2.8). Polymer accumulation in the HM and LM fractions was also greater than that
of DNA. Most of the [1*C]bPEI did not become cell-associated (whole cell fraction, or WC)
even though 48.0% of the [PH]DNA was found in the WC fraction by 4h.

To verify organelle distribution, post-nuclear fractions were analyzed for total protein
content and marker enzyme activity. Most of the protein was found in the cytosolic fraction
(C) (Figure 2.7G). Significant overlap of marker enzyme activity between the post-nuclear
fractions was observed. Alkaline phosphatase activity (plasma membrane) was found dis-
tributed mostly in the HM and LM fractions (Figure 2.7H). Lactate dehydrogenase activity
(cytosol) was found only in the C fraction (Figure 2.7I), while succinate dehydrogenase
activity (mitochondria) was found mostly in the HM and LM fractions (Figure 2.7J). Endo-
somal and lysosomal distribution was assessed in fractions by immunoblotting for Rab5b, a

small GTPase required for early endosome fusion [36], and LAMP2, a lysosomal-associated
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Figure 2.7: Intracellular distribution of [P H]DNA /[}*C]bPEI polyplexes in treated
cells fractionated using differential centrifugation. (A) HeLa cells (107) were incu-
bated with [*H|DNA /[**C]bPEI polyplexes for 1h at 4°C to allow for binding and then at
37°C for 30 min (black bars) or 4 h (grey bars) to allow for internalization prior to fractiona-
tion. (B) Schematic of differential centrifugation method used to separate organelle popula-
tions. Radioactivity counts of (C) [*HJDNA and (D) [**C]bPEI measured in cell-associated
fractions. Radioactivity counts of (E) [PH]DNA and (F) [**C]bPEI in post-nuclear fractions.
Post-nuclear fractions were also measured for (G) protein content, (H) alkaline phosphatase
(plasma membrane), (I) lactate dehydrogenase (cytosol), and (J) succinate dehydrogenase
(mitochondria) activity. Data are presented as mean + S.D., n = 3. (K) Immunoblotting
for LAMP2 (lysosomes) and Rab5 (endosomes) in post-nuclear fractions. 13 ug protein
was loaded into each lane, and staining was visualized using HRP-conjugated secondary
antibody and a chemiluminescent substrate.

membrane protein [37], respectively (Figure 2.7K). Both proteins were found in all post-

nuclear fractions except for the C fraction, with slightly increased distribution in the HM
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Figure 2.8: Extracellular and cellular distribution of [*H]DNA /[**C]bPEI poly-
plexes in treated cells fractionated using differential centrifugation. HeLa cells
(107) were incubated with [*HJDNA /['4C]bPEI polyplexes for 1 h at 4 °C to allow for binding
and then at 37 °C for 30 min (black bars) or 4 h (grey bars) to allow for internalization prior
to fractionation. The radioactivity of (A) [*HJDNA and (B) [**C]bPEI measured in media
and washes, which are “not cell associated”, and whole cell fractions. Data are presented
as mean + S.D., n = 3.

and LM fractions. Due to the incomplete separation of organelles, differential centrifugation
is not an effective method for quantification of intracellular polyplex distribution. Therefore,

other subcellular fractionation methods were explored to confirm these findings.

2.3.5 Density-gradient centrifugation after treatment with PEI polyplexes

An alternative fractionation method, density-gradient centrifugation, in which organelles are
separated by buoyant density, was evaluated for improved organelle separation. Density-
gradient centrifugation using iodixanol as a density medium previously showed improved
separation between various organelles [31]. Prior to density-gradient centrifugation, the
cytosol was initially separated from the vesicular compartments (Figure 2.9A). To further
investigate the polyplex distribution in the vesicular fraction, a 5-20% continuous iodixanol
gradient was used to separate plasma membrane, endosomes, and lysosomes after cells were
pulsed with polyplexes for 4 h, and then chased for either 0 or 20h. The density of the

control gradient (no cells) was linear over 1.04-1.198/mL (Figure 2.9B). As seen previously,
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more DNA than polymer was cell-associated; 27.5-33.6% of the [*H]DNA and 3.2-4.3%
of the [MC]bPEI of the total radioactivity was detected in the whole cell lysate at 4h
(Figure 2.10A-B). After the 20h chase period, up to 22.2% of the [*H]DNA and 2.2% of the
[14C]bPEI of the total radioactivity was detected in the chase media, indicating that about
half of cell-associated materials (both DNA and polymer) is released back in the media
over the 20 h chase period. Again, of the whole cell lysate, 92.9-93.4% of the [*H]DNA and
73.6-74.7% of the [**C]bPEI was found in the nuclear fraction (Figure 2.10C-D). Overall,
a bimodal distribution of both DNA and polymer was detected in the vesicular fraction
as a function of density. The first peak, found in the less dense portion of the gradient
(fractions 2-5) (Figure 2.9C), corresponds to fractions enriched in plasma membrane and
endosomes (Figure 2.9F-G). The second peak (fractions 11-21) was offset between DNA
and polymer; the intensities of each component peaked in different fractions (fraction 17
for PH]DNA ws. fraction 15 for [**C]bPEI) (Figure 2.9C). A tailed-distribution was seen
in both components; for [*H]DNA, the tail was in the less dense fractions (fraction 11-15),
while for ['*C]bPEI, the tail was in the denser fractions (fraction 17-21). These results were
reproducibly observed in multiple experiments; similar trends were also observed after a
20 h chase period (Figure 2.11).

Marker enzyme assays and immunoblotting for various organelles were completed to de-
termine the organelle distribution in the iodixanol gradient. At both time points, protein was
distributed throughout the gradient in a bimodal manner (Figure 2.9D, Figure 2.11B). Sig-
nificantly higher protein amounts were found in the untreated samples after the 20 h chase
period due to extensive cytotoxicity from polyplex treatment (Figure 2.11B). Lysosomes
(hexosaminidase A activity) were found mostly in the denser portion of the gradient (frac-
tions 12-20) (Figure 2.9E, Figure 2.11). Immunoblotting for CD49b (plasma membrane),
LAMP2 (lysosomes), and Rabb (early endosomes) were also completed to confirm assay
results (Figure 2.9F-G, Figure 2.11D-E). Alkaline phosphatase activity was undetectable
in fractions (data not shown). A slight difference in Rab5 distribution was observed with
treated vs. untreated cells, with a slight shift of the protein to the lesser dense portion of
the gradient after polyplex treatment. Most of the DNA and some polymer was also found

in denser lysosomal compartments or compartments that were denser than lysosomes. Mi-
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Figure 2.9: Distribution of [*PH]DNA /[**C]bPEI polyplexes after 4 h pulse in cells
fractionated using a 5-20% continuous iodixanol density gradient. (A) Schematic
of density-gradient centrifugation method used to separate organelle populations. HeLa
cells (2 x 107) were pulsed with [*HJDNA /[**C]bPEI polyplexes for 4 h, and then prepared
for fractionation. A 5-20% continuous iodixanol gradient was used to separate vesicular
organelles. (B) Density of control gradients. Data are presented as mean + S.D., n = 3. (C)
The percent radioactivity measured in fractions from the 5-20% gradient. 100% radioactivity
is equal to the sum of the radioactivity found in all 24 fractions collected from the 5-20%
gradient. (D) Total protein was measured in untreated and treated gradient fractions. (E)
Hexosaminidase A (lysosome) activity was also measured in untreated and treated gradient
fractions. (F) An equivolume (250 uL) of gradient fractions from untreated and treated
samples was precipitated, concentrated, and probed for CD49b (plasma membrane), LAMP2
(lysosome), and Rabb (endosome). (G) The optical density of each band was measured using
ImageJ. Each time point presented is representative of duplicate experiments.
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Figure 2.10: Distribution of [P H]DNA /[!4C]bPEI polyplexes in treated cells frac-
tionated using density-gradient centrifugation. HeLa cells (2 x 107) were pulsed
with [PH]DNA /[**C]bPEI polyplexes for 4h, and then prepared for fractionation. A 5-20%
continuous iodixanol gradient was used to separate vesicular organelles. The radioactivity
of (A) PH]DNA and (B) [*“C]bPEI measured in pulse media and washes, which are “not
cell associated”, chase media, and whole cell fractions. The radioactivity of (C) [*HJDNA
and (D) ["*C]bPEI measured in the nuclear, cytosolic, and vesicular fractions. Data are
presented as mean + average deviation (range divided by 2), n = 2.

tochondria have been found to distribute to denser portions of iodixanol gradients [38];
however, succinate dehydrogenase activity was undetectable in the fractions, possibly due
to lack of assay sensitivity. These results also revealed that polyplex treatment affected
organelle buoyancy and shifted organelle distribution in density gradients. Addition of
polyplexes produced less dense endosomal fractions, potentially due to osmotic swelling of
polyplex-containing endosomes [39]. Treatment with cationic lipoplexes and polymers has

also been shown to shift organelle populations [30, 34, 40].
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Figure 2.11: Distribution of [3H]DNA /['3C]bPEI polyplexes after 4h pulse-20 h
chase in cells fractionated using a 5-20% co ntinuous iodixanol density gradi-
ent. HeLa cells (2 x 107) were pulsed with [*H]DNA /[**C]bPEI polyplexes for 4 h, chased in
complete media for 20 h, and then prepared for fractionation. A 5-20% continuous iodixanol
gradient was used to separate vesicular organelles. (A) The percent radioactivity measured
in fractions from the 5-20% gradient. 100% radioactivity is equal to the sum of the radioac-
tivity found in all 24 fractions collected from the 5-20% gradient. (B) Total protein was
measured in untreated and treated gradient fractions. (C) Hexosaminidase A (lysosome)
activity was also measured in untreated and treated gradient fractions. (D) An equivolume
(250 uL)) of gradient fractions from treated samples was precipitated, concentrated, and
probed for CD49b (plasma membrane), LAMP2 (lysosome), and Rab5 (endosome). (E)
The optical density of each band was measured using ImageJ. Each time point presented is
representative of duplicate experiments.



65

2.4 Discussion

Currently, most synthetic gene carriers in the development stage are tested by delivery
of a reporter gene such as luciferase or green fluorescent protein. However, the delivery
pathway is complex and reporter gene readouts only provide information about overall
delivery efficiencies, leaving the details of specific steps to transfection hidden in the black
box of the cell. The goal of this presented work is to improve our quantitative understanding
of the intracellular trafficking of both the cargo DNA as well as the gene delivery vehicle
itself. To accomplish this, we used radiolabeling and cellular fractionation strategies to
track bPEI and the cargo plasmid DNA in extracellular and intracellular environments in
cultured cells. Our main findings were that (1) overall cellular uptake of polymer was very
low compared to the uptake of DNA; (2) nuclear association of intracellular polymer and
DNA was high compared to other organelles; and (3) polymer and DNA traffic differently

in intracellular vesicles.

The polycation PEI was radiolabeled by partial acetylation to gain quantitative insight
into polymer cellular association and uptake, as well as intracellular distribution. Radio-
labeling only slightly affected packaging ability, shifting full complexation of plasmid DNA
to N/P3 from N/P2 (Figure 2.5). Alternative radiolabeling strategies, such as polymer-
izing [1*CJaziridine to synthesize [**C]bPEI, leaves amine density unaffected compared to
unlabeled PEI but would likely generate polymers with different polydispersity and molec-
ular weights compared to commercially available PEI, which is one of the most frequently
used polycations for gene transfer. In our studies, HeLa cells were treated at an N/P ratio
of 5, which was optimal for transfection efficiency (data not shown), although the actual
amount of polymer associated with DNA at N/P 5 was not determined. However, several
groups have studied the complexation of 25 kD bPEI with plasmid DNA, and showed that
at N/P6, < 50% of the bPEI is associated with DNA [41-43]. Specifically, Clamme et
al. estimated by fluorescence correlation spectroscopy that PEI is associated with DNA at
N/P ~1 when formulated at N/P 6, and Boeckle et al. estimates this value to be 2.8 after
polyplex purification by size exclusion chromatography [41, 42]. Surprisingly, only 1-6% of
the applied polymer became associated with cells although 30-50% of the applied DNA was
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cell-associated. This translates to an effective N/P ratio of 0.3-0.6, which is much lower
than the expected N/P 1-3 of fully condensed polyplexes. This phenomenon was seen re-
producibly throughout multiple experiments (Figure 2.6, Figure 2.8, Figure 2.10). Schaffer
and Lauffenburger also noted low uptake of polyplexes by monitoring radiolabeled poly-

cation, measuring that > 90% of [*2°]]

polylysine/DNA complexes were washed off the cell
surface [44]; however, an effective N/P ratio was not calculated since the DNA was unla-
beled. Despite an overall low uptake of polymer in our studies, the effective N/P ratios in
the cytosolic and vesicular fractions was greater than 2 (Figures 2.6 and 2.7), indicating
that intracellular polymer and DNA remain associated except at the nucleus. There are
two possible explanations for such low overall cellular association of polymer: (1) rapid
exocytosis of displaced polymer occurs after cellular uptake, or (2) polyplexes are partially
unpackaged before cell uptake.

In order to gain insight into the first possibility, we analyzed radioactivity found in the
collection of media from the chase periods in pulse-experiments. We found that the amount
of polymer and DNA that was cell-associated after longer chase periods (i.e. 20 hours) was
half that after shorter chase periods (i.e. 2hours) (Figure 2.1, Figure 2.6, Figure 2.10A-
B). This indicates that polymer is released back into the media from the cell with time,
but the release does not appear to be preferential compared with DNA. Although polyplex
exocytosis has received little attention, previous studies have indicated that up to 65% of
internalized nanoparticles may be exocytosed fairly rapidly (within 30 min) depending on
the nanoparticle concentration gradient across the cell membrane [45, 46]. In contrast,
Seib et al. showed that bPEI alone did not exocytose significantly within 60 min in B16f10
melanoma cells [47]. Therefore, further studies to discern the role of polyplex exocytosis in
cellular uptake should be pursued.

The second possibility is that polyplexes partially unpackage before cell uptake. Ex-
tracellular components, such as negatively-charged glycosaminoglycans (GAGs), have been
shown to influence polyplex uptake and unpackaging by causing premature extracellular
polyplex dissociation via electrostatic competition with GAGs [41, 43, 48-50]. However, pre-
vious studies using Forster resonance energy transfer (FRET) in which both the polymer car-

rier and cargo nucleic acid were labeled [15, 51] or the nucleic acid was dual-labeled [52-54]
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showed that polyplexes remain intact, at least to some extent, in the cell. Furthermore, in
our studies, a high N /P was also associated with the DNA in lighter and less dense organelles
(Figures 2.7 and 2.9), indicating that the polymer and DNA separate during intracellular
trafficking. Schubert et al. studied the complexation of plasmid DNA with linear PEI and
found that “primary complexes” of PEI and DNA at N/P ~0.7 are first formed, which then
merge into aggregates as more polymer is added [55]. These primary complexes are small in
size (~30 nm) and can be internalized by cells. Clamme et al. also reported that in bPEI
polyplexes formed at N/P 6, ~86% of the polymer existed freely in solution, and that these
polyplexes were poorly compacted but can still transfect cells [42]. Therefore, it is possible
that despite aggregate formation at N/P 5, the actual particles internalized by the cell are
the primary complexes.

In addition to quantifying cellular uptake and association, intracellular polyplex nuclear
distribution was measured by subcellular fractionation methods. Interestingly, most of the
[PH]DNA and ['“C]bPEI were found in the crude nuclear fraction, both at short times
(30 min) (Figure 2.6C-D) and longer times (20h) (Figure 2.10C-D). The effective N/P ratio
in the nuclear fraction remained less than 1 throughout multiple studies (Figures 2.6 and 2.7,
Figure 2.10C-D), indicating that the polymer dissociated from the DNA prior to reaching
the nucleus. The percentage of cell-associated [PH|DNA in the nuclear fractions increased
with time, whereas the percentage of cell-associated [**C]bPEI in these fractions decreased
with time. The increase of [PH]JDNA in this fraction likely also includes accumulation
of degraded plasmid in the nucleus, since DNA oligonucleotides (ODNs) undergo active
nuclear import [56]. A fractionation study by Eboue et al. also found that up to 69% of
PEI/[*H]JODN complexes were found after 2.5 h in a purified nuclear fraction, indicating that
a large percentage of polyplexes are nuclear-associated [11]. These results are in agreement
with the large amount of [*H]DNA we detected in the nuclear fraction (Figure 2.6C-D,
Figure 2.7C-D, Figure 2.10C-D).

Incomplete separation of cytoskeletal filaments from nuclei during fractionation has been
previously reported [57]. Cytoskeletal elements have been shown to mediate polyplex trans-
fer to the perinuclear region [58, 59]. Bieber et al. also showed that, by fluorescence imaging,

many PEI polyplexes locate in the perinuclear space rather than the cytosol, and thus pro-
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posed that nuclear translocation remained a dominant barrier to efficient gene delivery [39].
Therefore, if cytoskeletal filaments separate with the nuclear fraction, this may explain why,
in our studies, the cytosolic fraction contained such a small percentage of material despite
the evidence for cytosolic distribution of PEI complexes [15]. It is difficult to discriminate
polyplexes that are associated with the nuclear membrane from those that are intranuclear;
Cohen et al. determined that a large amount of complexes still remained on the outer
surface of the nuclear membrane using confocal microscopy despite treatment with excess
cationic polymers and restriction enzymes [19]. Thus, the high percentage of intracellular
DNA and polymer detected in our nuclear fractions does not necessarily indicate efficient
delivery of intact plasmid DNA into the nucleus.

Despite a large fraction of [PH|DNA and [**C]bPEI in the nuclear fraction, differen-
tial distribution of each component was seen in post-nuclear organelles (Figures 2.7 and
2.9). In general, DNA was detected mostly in the heavier and denser fractions, which con-
tained mostly lysosomes and mitochondria, while polymer was detected in mostly lighter
and less dense fractions, which contained mostly plasma membrane, endosomes, and lyso-
somes. These findings may help explain the discrepancies between polymer and pDNA
subcellular localization seen in other studies; in particular, ratiometric fluorescence studies
demonstrated that the pH of compartments containing labeled DNA was higher than that
of PEI [60] and histidylated polylysine [61]. Reports have also shown that lysosomal pH
did not increase with labeled PEI [62] and that PEI in LAMP1-positive compartments also
did not have increased pH [63]. These results may indicate an overall difference in the
bulk polymer and DNA intracellular distribution, in which DNA is localized to mostly non-
acidic organelles while polymer is mostly localized to acidified organelles. DNA was also
seen split between two populations of denser organelles in a sucrose gradient by Laurent et
al. [9]; they hypothesized that the non-lysosomal distribution of DNA in the denser regions
of the gradient contained complexed plasmid DNA and that these structures may be phago-
somes resulting from phagocytosis, a process that has been observed in HeLa cells [64].
The observation that polymer and DNA distribution remained largely unchanged over time
indicates that polymer and/or polyplexes may be associating with vesicle-membrane lipids

and traveling with these lipids during endocytosis. Since the exchange and transfer of ma-
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terials through the endosomal/lysosomal pathway has been proposed to go through vesicle
“kissing” and/or fusion [65], free cationic polymer may be traveling with the membrane
lipids while the more neutrally-charged and water-soluble polyplexes (DNA-associated) are
trafficked with the soluble contents of the vesicles. This may also help explain why, in our
studies, the overall effective N/P ratio in cell-associated fractions was less than 1 while
fractions containing mostly endocytic organelles (endosomes, lysosomes) had effective N/P
ratios of ~7-10 by 4h (Figure 2.7). These results may also indicate that some polyplex
unpackaging already occurs in the vesicular fractions, which was previously observed using
FRET by Leong and coworkers [15]. In addition, poly-D-lysine, which is not degradable,
exhibited similar unchanged subcellular distribution in denser organelles up to 14h after
injection into rats [9]. Similar trends were seen with [*>SIDNA complexed with bPEI [66].
When ['2°T]bPEI alone was injected into rats, the polymer remained mostly in the lysosomal
fraction after 4 and 18h [67]. However, the extent of studies investigating polymer interac-
tion with lipid membranes is focused on pore formation and membrane destabilization with
non-biological lipid membranes [68, 69].

In summary, we demonstrate the use of subcellular fractionation methods to quantita-
tively assess both polymer and DNA in intracellular compartments. By radiolabeling both
the synthetic carrier and the cargo DNA, we were able to quantify the amount of each
component in the media, cell-associated fractions, as well as various intracellular organelles,
such as the plasma membrane, nuclei, cytosol, endosomes, lysosomes, and mitochondria.
These studies described general method development for the quantitative analysis of poly-
plex intracellular distribution, and will be applied for studying the effect of various chemical

moieties on polymeric gene carriers.
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Chapter 3

EFFECT OF POLYPLEX MORPHOLOGY ON CELLULAR UPTAKE,
INTRACELLULAR TRAFFICKING, AND TRANSGENE
EXPRESSION

Julie Shi, Jennifer L. Choi, Brian Chou, and Suzie H. Pun

Abstract

Nanoparticle morphology has been shown to affect cellular uptake, but there are few studies
investigating the impact of particle shape on biologic drug delivery. Recently, our group syn-
thesized a series of N-(2-hydroxypropyl) methacrylamide (HPMA)-oligolysine brush poly-
mers for nucleic acid delivery that varied in oligolysine peptide length and polymer molec-
ular weight. Interestingly, a 50% longer peptide (Kj5) transfected very poorly compared
to the optimized polymer comprised of Kig peptide despite similar chemical composition
and molecular weight. We hypothesized that differences in particle morphology contributed
to the differences in plasmid DNA delivery. We found that particles formed with plasmid
DNA and a polymer with the longer oligolysine peptide (pHK15) had larger aspect ratios
than particles formed with the optimized polymer (pHK10). Even though both formula-
tions showed similar percentages of cellular association, particles of a higher aspect ratio
were internalized to a lesser extent. Furthermore, the rod-like particles accumulated more
in endosomal /lysosomal compartments, leading to delayed nuclear delivery. Other param-
eters such as particle surface charge, unpackaging ability, uptake mechanism, intracellular
trafficking, nor the presence of heparan sulfate proteoglycans significantly differed between
the two polymer formulations. These results indicate that, for this system, polyplex mor-
phology primarily impacts nucleic acid delivery efficiency through differences in cellular

internalization rates.t

'Submitted for publication, currently under revision.
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3.1 Introduction

Biologic drugs such as proteins, peptides, and nucleic acids are often encapsulated in deliv-
ery vehicles that both protect against premature degradation and facilitate uptake. Vehicles
containing drugs with intracellular targets are generally internalized by cells through vesic-
ular uptake mechanisms [1, 2]. The rate and mechanism of cellular internalization of these
vehicles depends on the target cell type as well as on the physicochemical properties of the
vehicles. The influence of particle shape and size on internalization mechanism has been
studied in detail for several model nanoparticle systems, such as nanoparticles composed of
polystyrene [3], poly(methacrylates) [4], silica [5, 6], gold [7, 8], and carbon [9]. However,
there are few studies that have probed the influence of particle shape on the effectiveness

of biologic drug delivery [3, 5].

Our group recently synthesized a series of HPMA-co-oligolysine comb-like polymers for
nucleic acid delivery [10]. We found that two polymers with similar chemical composition
but different comb lengths showed drastically different gene transfer efficiencies. Since sev-
eral reports have indicated that polylysine peptides of different lengths complexed DNA into
varying particle shapes [11, 12], we hypothesized that polycation structure could impact
supramolecular morphology after complexation with a polyanion (termed “polyplexes”).
Furthermore, the difference in particle morphology could affect downstream transfection
efficiency. Particle size and shape has been shown to affect internalization rates for solid
particles [3, 4, 6, 13]; however, it is unknown how the particle morphology of polyplexes
influences cellular uptake and intracellular trafficking. In this work, the role of particle
morphology on the various steps of intracellular nanoparticle delivery is investigated and
quantified through a detailed analysis of uptake efficiency, endocytosis pathway, subcellu-
lar distribution, intracellular trafficking, and gene transfer efficiency. We find that particle
morphology significantly impact rates of cellular uptake, but has minor influence on sub-
sequent intracellular trafficking and processing. These results highlight the importance of

considering polyplex morphology when designing nanoparticles for intracellular delivery.
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3.2 DMaterials and methods

3.2.1 Materials

N-(2-hydroxypropyl)methacrylamide (HPMA) was purchased from Polysciences (Warring-
ton, PA). The initiator VA-044 was purchased from Wako Chemicals USA (Richmond, VA).
Chain transfer agent ethyl cyanovaleric trithiocarbonate (ECT) was a generous gift from
Dr. Anthony Convertine (University of Washington). Rink amide resin was purchased
from Merck Chemical Int. (Darmstadt, Germany). HBTU and Fmoc-protected lysine
were purchased from Aapptec (Louisville, KY). N-succinimidyl methacrylate was purchased
from TCI America (Portland, OR). Copper grids for electron microscopy studies were pur-
chased from Electron Microscopy Sciences (Hatfield, PA). 2’-Deoxycytidine 5-triphosphate
tetraammonium salt, [5->H], was purchased from Moravek Biochemicals and Radiochem-
icals (Brea, CA). Fluorescent dyes were purchased from Life Technologies (Green Island,
NY). Ultima Gold scintillation fluid was purchased from Perkin-Elmer (Santa Clara, CA).
All cell culture reagents were purchased from Cellgro/Mediatech (Fisher Scientific, Pitts-
burgh, PA). All other materials, including polylysine (PLL, 12,000 - 24,000 &/mol), were
reagent grade or better and were purchased from Sigma-Aldrich (St. Louis, MO) unless
otherwise stated. Endotoxin-free plasmid pCMV-Luc2 was prepared by using the pGL4.10
vector (Promega, Madison, WI) and inserting the CMV promoter/intron region from the
gWiz Luciferase (Aldevron, Madison, WI). The plasmid was isolated and produced with the

Qiagen Plasmid Giga kit (Qiagen, Germany) according to the manufacturer’s instructions.

3.2.2 Synthesis and characterization of peptides and polymers

Synthesis of peptide monomers, methacrylated AhxK;y (MaAhxK;p) and methacrylated
AhxK;5 (MaAhxKj5) were completed exactly as described previously [10]. Briefly, pep-
tide monomers were synthesized on a solid support of Rink amide following standard
Fmoc/tBu chemistry and cleaved off the solid support with a solution of TFA/TIPS/1,3-
dimethoxybenzene (92.5:2.5:5 v/v/v). Cleaved peptide monomers were precipitated in cold
ether, dissolved in methanol, and reprecipitated in cold ether. Each peptide monomer

was analyzed by RP-HPLC and MALDI-TOF MS and was shown to have greater than
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95% purity after cleavage. MALDI-TOF MS calculated for MaAhxK;o (MH™') 1479.98,
found 1479.85. MALDI-TOF MS calculated for MaAhxK;; (MH™) 2120.85, found 2120.19.
Copolymers of HPMA and either MaAhxK;y or MaAhxK 5 were synthesized via RAFT
polymerization (DP 150) and characterized by size exclusion chromatography and amino

acid analysis, as described previously [10].

3.2.8 Polyplex formulation and characterization

Stock solutions of polymers were prepared at 10 mg/mL in 0.1X phosphate buffered saline
(PBS), and the pH was adjusted to 6.5 by adding 0.1 N HCIl. To formulate polyplexes,
pCMV-Luc2 plasmid DNA was diluted to 0.1 mg/mL in DNase/RNase-free HoO and mixed
with an equal volume of polymer at desired lysine to DNA phosphate (N/P) ratios. Poly-
plexes were then allowed to incubate for 10 min at room temperature prior to use for ex-
periments. For ¢ potential measurements, 20 ul. of polyplexes were diluted with 180 uL.
dH5O and 800 uL 10 mM NaCl prior to measuring ¢ potential using a Zetasizer Nano ZS
(Malvern Instruments Inc., Southborough, MA) using the Smoluchowsky model for aqueous

suspensions.

3.2.4  Transmission electron microscopy

Polyplex morphology was imaged by electron microscopy on a hydrophilic surface. To render
a hydrophilic surface, 400-mesh copper/formvar grids were treated with glow discharge for
45s. Ten microliters of polyplexes (in dH20) was applied to the formvar-side of the grid
for 30 min. The grid was washed four times in dH2O, and then dipped in 4% (w/v) uranyl
acetate (in dH20) to negatively stain the sample. Excess solution was wicked off the grid
with filter paper, and the grid was allowed to dry overnight prior to imaging. Images of
the sample grids were taken with a JEOL 1010 transmission electron microscope (Electron
Microscopy Facility, Fred Hutchinson Cancer Research Center). Measurements of particle

length were completed using ImageJ, and expressed in the text as the mean 4+ S.D.
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3.2.5 Cell culture

HeLa (human cervical carcinoma) cells were grown in minimum essential medium (MEM)
supplemented with 10% fetal bovine serum (FBS) and antibiotics/antimyotics (AbAm)
(1001U penicillin, 100 #&/mL streptomycin, and 0.25 #g/mL amphotericin B). CHO-K1 (Chi-
nese Hamster ovary) cells were grown in F12K media supplemented with 10% FBS and
AbAm. CHO-pgs-A745 cells were grown in F12K media supplemented with 10% FBS,
200 uM 1-asparagine, 200 uM L-proline, and AbAm. Cells were passaged when they reached
80% confluency.

3.2.6 Labeling of plasmid DNA with tritium

Plasmid DNA was radiolabeled using nick translation and 2’-deoxycytidine 5’-triphosphate,
[5-3H], according to manufacturer’s instructions (GE Healthcare). For uptake studies,
[PH]DNA was diluted with unlabeled plasmid so that the final concentration was 0.1 &/L
at ~1.67 pCi.

3.2.7 Uptake of tritium-labeled polyplexes

HeLa, CHO-K1, and CHO-pgs-A745 cells were seeded in 24-well plates at a density of 3 x
10* cells per well (1 mL per well) 24 h prior to polyplex addition. Cells were washed once with
PBS and 200 uL of polyplexes, formulated at N/P 5 with [*H]DNA (1 ug at 0.18/L, ~1.67
pCi) in OptiMEM, were added on top of cells and allowed to incubate for up to 4h at 37°C,
5% COg. At various time points (0, 2, 4h), cells were washed twice with PBS, allowed to
incubate with 200 uL CellScrub (Genlantis) for 15 min at room temperature, washed twice
with DPBS (without divalent cations), trypsinized, and then collected with scintillation
counting. For other time points (6, 8, 12, 24h), cells were washed once with PBS after
4h incubation with polyplexes and replaced with complete media. At various time points
after media replacement (2, 4, 8, 20 h), cells were washed with PBS, CellScrub, DPBS, and
trypsinized as above. All washes and solutions were collected and analyzed for radioactivity.
To determine radioactivity, samples were dissolved in Ultima Gold scintillation fluid and

counted for 10 min on a scintillation counter (Beckman LS-6500).
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3.2.8 In vitro transfection

HeLa, CHO-K1, and CHO-pgs-A745 cells were seeded overnight in 24-well plates at a density
of 3 x 10* cells per well (1mL per well) at 37°C, 5% CO,. Polyplexes were formulated as
described above. After the polyplexes were formed, 20 pL (containing 1 ug DNA) was mixed
with 180 uL of Opti-MEM medium (Invitrogen). Seeded cells were washed once with PBS
and then treated with 200 uL. of polyplexes in Opti-MEM, which was added dropwise on
top of the cells. After a 4h incubation at 37°C, 5% COs in a humidified environment, the
cells were washed once again with PBS and incubated in 1 mL of fresh complete medium for
an additional 44 h. Cells were harvested and assayed for luciferase expression at 48 h. This
was done by washing cells once with PBS, adding of 200 uL reporter lysis buffer (Promega,
Madison, WI), and then performing one freeze-thaw cycle to complete the lysis of cells.
Lysates were collected and centrifuged at 14,000¢g for 5min at 4°C. Luminescence was
carried out following the manufacturers instructions (Promega, Madison, WI). Luciferase
activity is reported in relative light units (RLU) normalized by mg protein (RLU/mg), as
measured by a microBCA Protein Assay Kit (Pierce).

3.2.9 In wvitro transfection with chemical inhibitors

Stock solutions of genistein (5mg/mL in DMSO), chlorpromazine (1mg/mL in DMSO), and
amiloride (2.5 mg/mL) were further diluted to working concentrations in OptiMEM (genistein,
50 #8/mL, chlorpromazine, 10#8/mL, amiloride, 25#g/mL), and used for transfections. For
transfection with inhibitors, HeLa cells were seeded overnight in 24-well plates at a density
of 3 x 10* cells per well (1 mL per well) at 37°C, 5% COsz. Polyplexes were formulated as
described above. Cells were washed once with PBS and pre-treated with one of the chemical
inhibitors (in OptiMEM) for 1h at 37°C, 5% COx prior to polyplex transfection. 20 uL
of polyplexes were then added to the cells and incubated for an additional 2h at 37°C,
5% COa. Cells were then washed once with PBS and incubated with fresh complete media
for an additional 46 h. Cells were lysed and assayed for luciferase expression as described

above.
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3.2.10 Subcellular fractionation

Subcellular fractionation experiments were completed as previously described [14], with
minor modifications. HeLa cells were seeded into 150 mm? dishes at 5 x 10° cells per
dish 24h prior to the start of the experiment. Cells were then treated with polyplexes
formulated at N/P 5 with [PH]DNA (100 ug at 0.18/L, dosed at ~1.67 pCi) for 4h at 37°C,
5% COs3. To limit further intracellular trafficking and internalization, all future steps were
done on ice, at 4°C, and/or with pre-chilled reagents/equipment. Cells were washed once
with PBS, incubated with CellScrub for 15 min at room temperature, washed twice in DPBS
(no MgCly, CaCly), lifted off the plates in PBS, and then transferred to conical tubes. To
remove dead/compromised cells, cells were then washed twice with PBS, pelleting cells at
500¢ for 5 min after each wash. The cells were then washed once with homogenization buffer
(HB) (250 mM sucrose, 10 mM HEPES-NaOH, 1 mM EDTA, pH7.4), pelleting the cells at
1000g for 6 min. The resulting pellet was then resuspended in 2.5x the wet pellet mass of HB
(containing 1X protease inhibitors, Thermo Fisher HALT). Cells were then homogenized
with a 25-gauge needle until greater than 90% cell lysis was achieved. Fractionation into a
heavy mitochondrial (HM), light mitochondrial (LM), microsomal (MF), and cytosolic (C)
fractions was then completed exactly as previously described [14]. Samples were stored at
-80°C. For radioactivity analysis, samples were mixed with an equivolume of 1M NaOH
prior to mixing with 4-5mL Ultima Gold XR scintillation fluid (Perkin Elmer), and then

analyzed for radioactivity using a scintillation counter (Beckman LS-6500).

3.2.11 Heparan sulfate competition assay

Ten microliters of polyplexes (in dHyO) were treated with various amounts of heparan sul-
fate (5&/L stock in dH20) and incubated at room temperature for 5 min. The entire sample
was mixed with 10X BlueJuice loading buffer, loaded onto a 0.8% agarose gel containing
TAE buffer (40 mM Tris-acetate, 1 mM EDTA) and ethidium bromide (0.5 #g/mL final con-
centration), and electrophoresed at 100 V. DNA was visualized using a UV transilluminator

(laser-excited fluorescence gel scanner, Kodak, Rochester, NY).
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3.2.12  Labeling of polymer with Alexa Fluor 568

To fluorescently label PLL, the polymer was reacted with Alexa Fluor 568 carboxylic acid,
succinimidyl ester, in 1 M sodium bicarbonate, pH8.3, at a 3:1 dye to polymer ratio for
1h in the dark at room temperature. For labeling of pHK10 and pHK15, polymers were
reacted with maleimide-functionalized Alexa Fluor 568 in PBS, containing 10 molar eq. of
immobilized tris(2-carboxyethyl)phosphine) (TCEP), purged with Ny, and reacted for 2h
in the dark at room temperature. Excess dye was removed using a PD-10 column, using
dH50 as the eluent (GE Healthcare, Piscataway, NJ). Reaction efficiency was calculated
by comparing the absorbance of the labeled polymer against a standard curve of the dye.
Polymer concentration was calculated using a 2,4,6-trinitrobenzene sulfonic acid (TNBS)
assay for primary amines, using the unlabeled polymer as a standard. Polymers were

calculated to contain ~1-2 dyes per polymer.

3.2.13  Multiple-particle tracking (MPT)

For multiple-particle tracking experiments, HeLa cells were seeded in 35 mm poly-L-lysine-
treated glass-bottom petri dishes (MatTek, no. 1) at 4 x 10 cells per dish 24 h prior to the
start of the experiment. Polyplexes were formulated with Alexa Fluor 568-labeled polymer
and plasmid DNA (containing 0.25 ug DNA) at N/P5 for 10min at room temperature.
The cells were washed with PBS and treated with polyplexes (in OptiMEM) for 30 min at
37°C, 5% COs. Afterwards, cells were washed with PBS, and then placed in phenol red-free
complete media for 2h at 37°C, 5% COs. After locating a cell under 100X magnification,
20 s videos (at 5 fps) were acquired using a monochromatic camera on an inverted fluorescent
microscope (Nikon Ti-E, Melville, NY), using an appropriate filter set (ex. 560/40nm,
em. 630/75nm, Chroma 49000 series, Rochingham, VT). Particles were then automatically
tracked using Volocity v.6.2 (Perkin Elmer). Mean-squared-displacement was calculated
using a custom-written MATLAB script (MathWorks, Natick, MA). Relative change (RC)
values at short (7,eference = 0.2, Tprobed = 18) and long time scales (Treference = 18,
Tprobed = D) were calculated and analyzed as previously described [15]. To characterize

transport modes, trajectories of purely Brownian particles were created using a Monte Carlo
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simulation, and confirmed by tracking 100 nm fluorescent polystyrene beads in glycerol. The
effective diffusivity (Desy) of the ensemble-average MSD was calculated using the following

equation:

MSD = C + 4D, ;y7°

where C' is an adjustment factor dependent on the tracking resolution (um?), 7 is the
time lag (s), and « is an adjustment factor for subdiffusive motion (v = 1 for diffusive

motion) [16]. C was calculated to be 0.00657 4= 0.00445 ym?.
3.3 Results

3.3.1 Polyplex morphology assessed by transmission electron microscopy (TEM)

pHK10 and pHK15 are comb-like HPMA-co-oligolysine polymers with similar chemical com-
position and molecular weight but different oligolysine brush length. The polymers are
synthesized by reversible addition-fragmentation chain-transfer (RAFT) polymerization to
provide high control over polymer molecular weight and composition [10]. Polylysine, a
commercially-available linear polymer, was used for comparison. The polymer properties
are summarized in Table 3.1. Despite the similarities in material composition and molec-
ular weight, pHK10 and pHK15 showed significant differences in gene transfer efficiencies
to cultured cells (Figure 3.1). At an amine to phosphate (N/P) ratio of 5, pHK10/DNA
complexes (polyplexes) transfected HeLa cells as well as polyplexes with bPEI, the most
commonly used cationic polymer for nonviral gene delivery, and with 42.3-fold higher trans-
fection efficiency than pHK15 polyplexes; pHK15 polyplexes transfected similarly to PLL.

Previous reports have indicated a difference in polyplex morphology as a function of
oligolysine length, ranging from loosely-complexed particles [11] to linear rods and oval-
shaped particles [12]. Therefore, the polyplex morphology of pHK10, pHK15, and PLL
polyplexes, formulated at N/P 5, was assessed by TEM. pHK10 polyplexes formed oblong
particles, ~25 by ~74nm (Figure 3.2A), while pHK15 particles formed longer rod-like par-
ticles (Figure 3.2B), with a width of ~18 nm and length of ~102nm, toroids, or twisted

particles. For comparison, PLL polyplexes formed either long, thin rods, around 38-191 nm
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Table 3.1: Properties of HPMA-oligolysine polymers

polymer targeted determined M,/M,? mol % oligoly- mmol K/g

M, (kD)* M, (kD)* sine monomer  polymer?
pHK10  61.85 65.51 1.141 20.5 4.92
pHK15  61.27 74.38 1.207 14 5)

aValues determined by SEC coupled with laser light scattering and dRI detection. PMol% of
oligolysine and mmol lysine per gram polymer determined by amino acid analysis.
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Figure 3.1: Transfection efficiency of pHK10 and pHK15 polymers in HeLa cells.
HeLa cells were incubated with polyplexes formulated with bPEI, PLL, pHK10, or pHK15
and DNA (1pug) for 4h in serum-free conditions, replenished with complete media, and
assessed for luciferase activity at 48 h. The data are represented as the mean &= S.D., n = 3.
(*) denotes p < 0.05, as determined by a two-tailed, unpaired Student’s t-test with unequal
variance.

in length and 6-30 nm in width (~67% of all measured particles), or toroids, ~21-52nm in
diameter (~33% of all measured particles) (Figure 3.2C). The length of the minor axis de-
creased with increasing oligolysine length (Figure 3.2D), while the length of the major axis
was larger in pHK15 particles than pHK10 (Figure 3.2E). The geometric mean of the aspect
ratio, defined as the length of the major axis divided by the length of the minor axis, in-

creased with oligolysine length (Figure 3.2F), and was 2.9, 5.6, and 6.3, for pHK10, pHK15,
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and PLL (rods only) particles, respectively. These results somewhat differ from prior mea-
surements of the hydrodynamic particle diameters, which indicated that HPMA-oligolysine
copolymers formed slightly larger particles in water (100-150 nm) [10], possibly due to the
non-spherical morphology of the lysine-based polymers. Polyplexes of a twisted morphology

were also observed with PEGylated PLL dendrimers [17]; however, the researchers note that

no distinct relationship between particle morphology and transfection was observed.
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Figure 3.2: Transmission electron micrographs of lysine-based polymers. Particle
morphology of (A) pHK10, (B) pHK15, and (C) PLL in water. The length of the (D) minor
axis and (E) major axis were calculated for n = 31 for pHK10, n = 39 for pHK15, and n
= 44 for PLL (rods only). (F) Aspect ratio was calculated by dividing the length of the
major axis by the length of the minor axis. The line denotes the mean of each set of values.
Statistical significance was determined using a Kruskall-Wallis test, where (*) p < 0.05.
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3.3.2  Cellular uptake of polyplexes over time

Since particle morphology has been shown to affect the internalization pathway and effi-
ciency of uptake into mammalian cells [5], the kinetics of pHK10, pHK15 and PLL polyplex
uptake was determined using polyplexes formulated with radiolabeled plasmid DNA (Fig-
ure 3.3). Plasmid DNA was radiolabeled to provide a sensitive and quantitative method for
detection. Cells were incubated with polyplexes for 4h, and then washed and replaced with
media for an additional 2, 4, 8, or 20 h. Internalization of polyplex after a 2h incubation
was also measured. After each time point, cells were incubated with CellScrub to reduce
extracellularly-bound polyplexes. pHK10 showed the highest cellular association and cellu-
lar internalization after both 2 and 4h compared to pHK15 and PLL. For example, after
a 4h incubation, pHK10 polyplex internalization efficiency was 4.09 + 0.54%, followed by
PLL (1.22 + 0.33%), pHK15 (0.86 + 0.04%), and DNA (0.32 £ 0.06%). Interestingly, the
amount of internalized DNA continued to increase after polyplex removal at 4 h, suggesting
continued internalization of surface-bound complexes not removed by CellScrub. At 24 h,
pHK10 showed the highest uptake efficiency (3.73%), followed by PLL (2.19%), pHK15
(0.85%), and DNA (0.20%). A complete breakdown of polyplex distribution (solution, cell-
associated, and internalized) is shown in Figure 3.4. The surface charge of particles were
also determined by ( potential measurements since cationic nanoparticles have been shown
to bind to mammalian cells through electrostatic interactions. No significant differences
were measured in the ¢ potential of pHK10 and pHK15 polyplexes (Figure 3.5). Therefore,
these results suggest that larger aspect ratios may reduce the rates of cellular internalization

despite efficient cellular association.

3.3.8 Role of heparan sulfate proteoglycans on cellular uptake and transfection

Heparan sulfate proteoglycans (HSPGs) have been demonstrated to play an important role
in the non-specific uptake and processing of cationic lipids and polyplexes [18-20]. In or-
der to determine if differences in polyplex morphology affect electrostatic interactions with
HSPGs, cellular uptake of polyplexes formulated with [PHJDNA was assessed in wild-type

Chinese hamster ovary (CHO) cell lines normally expressing HSPGs on their extracellu-
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Figure 3.3: Cellular uptake of [PH|DNA /polymer complexes over time. Hela
cells were treated with [PHJDNA /polymer complexes (containing 1 g DNA) for 4h under
serum-free conditions, rinsed, and replaced with complete media for up to an additional
20h. The amount of internalized DNA as a function of total radioactivity (% total DNA)
was determined for DNA alone (closed circles), PLL polyplexes (closed triangles), pHK10
polyplexes (open circles), and pHK15 polyplexes (open triangles). The data are represented
as the mean + S.D., n = 3.

lar surface (CHO-K1) or mutant CHO cells lacking the presence of HSPGs (CHO-pgs-
A745) [19]. Surprisingly, polyplex uptake was 20.2% and 45.8% lower in wild-type CHO-K1
compared to CHO-pgs-A745 for pHK10 and pHK15, respectively, although gene expression
levels were similar between the two cell lines (Figure 3.6A) in contrast to observations seen
with other lysine-based vectors [21, 22]. As observed in Figure 3.1, the transfection efficiency

of pHK15 polyplexes was 79-89% lower than that of pHK10 polyplexes in both CHO cell
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Figure 3.4: [3H]DNA /polymer complexes in pulse, chase, surface-associated, and
internalized fractions over time. HeLa cells were treated with [P’HJDNA /polymer com-
plexes for 4 h in serum-free media, rinsed, and then allowed to incubate for an additional 20 h.
In addition to trypsinized cells (“internalized”), the supernatant in both pulse and chase,
as well as washes with CellScrub to remove extracellularly-bound polyplexes (“surface-
associated”), was collected at various times for (A) DNA, (B) PLL, (C) pHK10, and (D)
pHK15. Data are presented as mean + S.D., n = 3.

lines (Figure 3.6B). Interestingly, the decreased cellular uptake of polyplexes in wild-type
CHO cells did not translate to decreases in transfection efficiency. Therefore, HSPGs do
not play a significant role in internalization of HPMA- co-oligolysine-based particles in these
cultured cells. Instead, these particles may interact with a currently unknown receptor for

cellular uptake.
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3.8.4 In vitro transfection in the presence of endocytic inhibitors

The route of polyplex internalization has been shown to affect subsequent intracellular traf-
ficking and ultimately transgene expression efficiency [23—-25]. Therefore, the transfection
of pHK10 and pHK15 polyplexes in HeLa cells was determined in the presence of inhibitors
for major endocytic pathways for polyplexes [26], namely clathrin-mediated endocytosis
(CME), caveolin-mediated endocytosis (CavME), and macropinocytosis. Cells were pre-
treated with either chlorpromazine, which inhibits CME by dissociating clathrin from the
plasma membrane [27], genistein, which inhibits tyrosine-phosphorylation of Cavl [28, 29],
or amiloride, which inhibits Na™/H* ion exchange in the plasma membrane [30], for 1h
prior to transfection and sustained inhibitor treatment during transfection with pHK10 and
pHK15 polyplexes. Inhibitor concentrations were optimized using cell viability studies. For
both polymers, only transfection in the presence of genistein, but not chlorpromazine or
amiloride, affected transgene expression, suggesting that caveolin-mediated endocytosis is
the primary internalization route of these particles in HeLa cells. Transfection efficiency
was 70-89% lower than cells transfected without inhibitor treatment (Figure 3.7). Simi-
lar transfection trends with uptake inhibitors were observed with other HPMA-oligolysine
polymers [31]. Since HSPGs have been shown to enter cells via a clathrin- and caveolin-

independent pathway [32], these results also confirm HSPG-independent internalization.
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Figure 3.6: Cellular uptake and transfection efficiency of pHK10 and pHK15
polyplexes in heparan sulfate proteoglycan (HSPG) normal and deficient cells.
(A) Cellular uptake of radiolabeled polyplexes. Cells were incubated with 1 ug of [PH]DNA
alone, pHK10/[*H]DNA polyplexes, or pHK15/[*H]DNA polyplexes for 4h under serum-
free conditions. The amount of internalized DNA as a function of total DNA (% [PH]DNA
internalized) was determined. (B) Transfection of HSPG normal (CHO-K1) and deficient
(CHO-pgs-AT45) cells. Cells were transfected with DNA (1 pg) at N/P 5 under serum-free
conditions. Data are presented mean + S.D., n = 3. (*) denotes p < 0.05, as determined
by a two-tailed, unpaired Student’s ¢-test with unequal variance.

Furthermore, differential internalization mechanisms does not account for the disparities in

gene transfer observed between pHK10 and pHK15 materials.
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Figure 3.7: Transfection efficiency of pHK10 and pHK15 polyplexes in HeLa cells
in the presence of endocytic inhibitors. Cells were pre-treated with chlorpromazine,
genistein, or amiloride for 1h prior to the addition of polyplexes formulated with DNA
(1 pug) at N/P 5 under serum-free conditions. Data are presented mean + S.D., n = 4. (*)
denotes p < 0.05, (**) denotes p < 0.1, as determined by a two-tailed, unpaired Student’s
t-test with unequal variance.

3.8.5 Intracellular distribution via subcellular fractionation

To gain quantitative insight into the subcellular distribution of pHK10 and pHK15 poly-
plexes, HeLa cells were treated with polyplexes formulated with [*H|DNA for 4h, washed
with CellScrub to reduce extracellularly-bound material, and subsequently fractionated into
nuclear, heavy mitochondrial (HM), light mitochondrial (LM), microsomal (MF), and cy-
tosolic (C) fractions. All media and washes were also collected to calculate a mass balance.
Again, similar amounts of both pHK10 and pHK15 were found remaining in the media
after incubation (Figure 3.8A). A higher percentage of pHK10/[*H]DNA polyplexes were
found internalized rather than surface-bound compared to pHK15/[*H]DNA polyplexes.
Interestingly, a higher percentage of pHK10 polyplexes were found in the nuclear fraction

(80%) vs. pHK15 polyplexes (65%) (Figure 3.8B). There are several possible explanations
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for this observation. Better nuclear delivery of DNA may be achieved using pHK10 poly-
mers. Higher amounts of free DNA in the nucleus has led to higher transgene expression
with polyphophoramidate vectors [33]. Enhanced nuclear accumulation may also indicate
higher stability of pHK10 polyplexes against DNAse I [34]. Alternatively the high amount of
[*H]DNA in the nuclear fraction may be an artifact of degraded plasmid [35] or the presence
of cytoplasmic filaments [14, 36]. Slightly more pHK15 polyplexes were also found in the
LM and MF fractions, suggesting that pHK15 polyplexes are associated with endosomal and
lysosomal compartments more than pHK10 polyplexes (Figure 3.8C) [14], although simi-
lar amounts of both formulations were found in the cytosolic fraction. These results may
indicate that rod-like morphologies can preferentially accumulate in endosomal/lysosomal
compartments and delay nuclear localization. A recent study demonstrated that the dis-
play of antibodies on rod-shaped particles resulted in higher cellular uptake, perhaps due to
the multivalent interactions of antibodies with receptors on the cell surface [3]. Similarly,
rod-like cationic polyplexes may also associate with the lipid membranes of endosomes and

lysosomes due to greater surface area of the rod-shaped polyplexes.

3.3.6  Heparan sulfate decomplezation

Premature or delayed intracellular release of DNA can also lead to inefficient gene trans-
fer [37]. Polymers were tested for their ability to release DNA using heparan sulfate for com-
petitive displacement. Polyplex unpackaging was determined by adding various amounts of
heparan sulfate with polyplexes formulated at N/P 5. Slight differences in polyplex unpack-
aging were seen between pHK10 and pHK15 formulations; pHK10 polyplexes were mostly
unpackaged by 11 ug heparan sulfate, while pHK15 polyplexes needed at least 14 ug heparan
sulfate to show unpackaging (Figure 3.9). However, neither formulation fully unpackaged,
as determined by the amount of polyplex still left in the well, at 22 ug heparan sulfate (data
not shown), the highest concentration tested. Fluorescence studies using YOYO-1 as a
DNA intercalating agent and high NaCl concentrations to facilitate complete unpackaging
also demonstrated that pHK10 and pHK15 unpackage DNA to similar extents (data not

shown). Therefore, these results suggest that pHK10 and pHK15 polyplexes unpackage
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Figure 3.8: Subcellular distribution of [3H]DNA /polymer complexes in HeLa
cells. HeLa cells (5 x 10%) were treated with pHK10 (black bars) or pHK15 (white bars)
polyplexes (containing 100 ug DNA) for 4h prior to being washed with CellScrub to re-
move extracellularly-bound polyplexes and fractionated into nuclear, heavy mitochondrial
(HM), light mitochondrial (LM), microsomal (MF), and cytosolic (C) fractions. (A) The
amount of [PH]DNA found in solution (pulse), surface-bound (CellScrub), and internalized
(trypsinized cells) fractions, (B) nuclear and post-nuclear fractions, and (C) post-nuclear
fractions, composed of HM, LM, MF, C fractions. Data are presented as mean + S.D., n
= 3. (*) denotes p < 0.05, as determined by a two-tailed, unpaired Student’s ¢-test with
unequal variance.
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DNA to similar extents.

3.8.7 Intracellular particle trafficking via multiple-particle tracking

Multiple-particle tracking is a useful tool to measure the intracellular trafficking kinetics in
live cells [16]. Previous differences in intracellular trafficking kinetics have been observed
with the attachment of a targeting moiety [38] or PEG [39], and polyplexes undergoing
non-degradative vs. degradative trafficking pathways [40, 41]. To determine if there were
differences in intracellular polyplex trafficking between pHK10, pHK15, and PLL, cells were
treated with Alexa Fluor 568-labeled polymer/DNA polyplexes for 1h, rinsed, and then
allowed to incubate with polyplexes for an additional 2 h after which 20s videos of particle
movement were captured. The effective diffusivity (Ders) of the ensemble-average mean-
squared displacement (MSD) for pHK10 (n = 139 in 5 cells), pHK15 (n = 154 in 5 cells),
and PLL (n = 87 in 6 cells) was 4.04x1073, 6.27x1073, and 4.28x1073 um?/s | respectively.
The MSD for pHK15 was slightly greater than that of pHK10 (Figure 3.10). To further
characterize particle transport, particle transport mode (hindered, diffusive, active) was

determined by calculating a relative change (RC) value, defined as Def¢ probed/ Def f,re ference
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(Figure 3.11). The average velocities of actively-transported particles were not statistically
significant at long time scales by the Kruskall-Wallis test (geometric mean = 0.0720 #m/s
for pHK10 vs. 0.0942 #m/s for pHK15). These results indicate that there are insignificant

differences in the intracellular trafficking kinetics for these polymers.

3.4 Conclusions

In summary, HPMA-oligolysine copolymers of different peptide lengths (Kip and Kis)
formed polyplexes that differed in particle morphology, leading to major differences in cel-
lular uptake and transfection efficiency. The presence of HSPGs decreased cellular uptake
for both polymer formulations, but did not affect transfection efficiency. Interestingly,
pHK15 polyplexes accumulated more in endosomal/lysosomal compartments than pHK10
polyplexes. Furthermore, charge density, unpackaging ability, and intracellular trafficking
kinetics did not differ significantly between pHK10 and pHK15. These results suggest that

polyplex morphology may play an important role in determining the transfection efficiency
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Figure 3.11: Transport mode of pHK10, pHK15, PLL particles using multiple
particle tracking (MPT). HeLa cells were incubated with Alexa Fluor 568-labeled poly-
mer/DNA complexes for 1h in serum-free media, rinsed, and then allowed to incubate in
complete media for an additional 2h. Afterwards, 20s videos of particle trajectories were
captured. The relative change (RC) value for polymers calculated at (A) short time scales
(t =0.2s) and (B) long time scales (7 = 5s), where dotted lines mark the bounds of random
diffusive motion. The particle tracks were further characterized as hindered, diffusive, or
active transport for (C) short and (D) long time scales.

of cationic gene carriers. Therefore, polyplex morphology should be considered when de-

signing polymer structures as well as reproducible formulation conditions.
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Part II

DEVELOPMENT OF PEPTIDE-BASED MATERIALS FOR
ENHANCING THE INTRACELLULAR DELIVERY OF NUCLEIC
ACIDS

The second section is focused on the development of peptide-functionalized polymers via
living polymerization techniques for non-viral gene delivery, and the use of phage display
technology to identify new ligands for targeting intracellular organelles, in particular the

mitochondria. There are four chapters in this section:

e Chapter 4 is a review of the development of peptide-functionalized N-(2-hydroxypropyl)
methacrylamide (HPMA) brush polymers, and the incorporation of various peptide

moieties for nucleic acid condensation, degradability, endosomal escape, and targeting;

e Chapter 5 describes the incorporation of a reducible linker into HPMA-oligolysine

brush polymers, and their evaluation for gene delivery;

e Chapter 6 describes the incorporation of an endosomal buffering peptide into HPMA-
oligolysine brush polymers in two different polymer architectures, as well as their

evaluation for gene delivery;

e and Chapter 7 illustrates the use of phage display technology for identifying potential

targeting ligands to mitochondria.
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Chapter 4

ENGINEERING BIODEGRADABLE AND MULTIFUNCTIONAL
PEPTIDE-BASED POLYMERS FOR GENE DELIVERY

Julie Shi, Joan G. Schellinger, and Suzie H. Pun

Abstract

The complex nature of in vivo gene transfer establishes the need for multifunctional de-
livery vectors capable of meeting these challenges. An additional consideration for clinical
translation of synthetic delivery formulations is reproducibility and scale-up of materials.
In this review, we summarize our work over the last five years in developing a modular
approach for synthesizing peptide-based polymers. In these materials, bioactive peptides
that address various barriers to gene delivery are copolymerized with a hydrophilic back-
bone of N-(2-hydroxypropyl)methacrylamide (HPMA) using reversible-addition fragmenta-
tion chain-transfer (RAFT) polymerization. We demonstrate that this synthetic approach
results in well-defined, narrowly-disperse polymers with controllable composition and molec-
ular weight. To date, we have investigated the effectiveness of various bioactive peptides for
DNA condensation, endosomal escape, cell targeting, and degradability on gene transfer, as

well as the impact of multivalency and polymer architecture on peptide bioactivity.!

1Submitted for publication.



105

4.1 Introduction

Gene therapy has the potential to improve therapeutic outcomes for currently untreatable
diseases. Viruses are naturally efficient vectors for gene therapy, but have encountered
obstacles in clinical translation due to issues such as vector toxicity and immunogenicity,
potential gene integration into oncogenic regions, and high production costs. Thus, nonviral
materials, e.g. cationic lipids and polymers, have been extensively engineered as alternative
gene delivery vectors and are attractive alternatives to viral vectors because they tend to
have improved safety profiles and lower costs of production [1]. However, nonviral vectors
have not been as successful in attaining high transgene expression efficiencies in vivo. In
order to enhance the gene transfer efficiency of these materials, several groups have explored
the use of bioactive peptides to address various extracellular and intracellular barriers to
nonviral gene delivery, such as cellular uptake, endosomal escape, cargo unpackaging, and
nuclear translocation [2-5]. These multicomponent synthetic materials have been engineered
to overcome these barriers for various applications [6], including delivery to neurons [7] and
hepatocytes [8].

Recent advances in living polymerization techniques, such as reversible-addition frag-
mentation chain transfer (RAFT), have allowed the development of well-defined polymers
with controlled architectures and quantitative monomer incorporation [9-11]. Peptide-
polymer conjugates containing multiple peptides can be synthesized by grafting peptides
to preformed polymers or by polymerization of peptide monomers. The grafting technique
has been extensively reviewed elsewhere [12-14]. The Klok group demonstrated the synthe-
sis of peptide brush copolymers by RAFT polymerization of coiled coil peptide motifs in
2010 [15].

In this review, we summarize the work in the development of copolymers consisting of
N-(2-hydroxypropyl)methacrylamide (HPMA) and multiple pendant oligopeptides for gene
delivery (Figure 4.1). Cationic peptide moieties were explored and optimized for DNA
condensation. To improve biodegradability, environmentally-responsive linkers were incor-
porated into the HPMA copolymers. In addition, both buffering and membrane-disruptive

peptides were evaluated for enhancing endosomal escape of the polyplexes. Throughout
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HPMA backbone

Figure 4.1: Schematic of peptide-functionalized HPMA copolymers. (A) Random-
statistical copolymers of HPMA (red) and pendant bioactive peptides (green) with a linker
(blue) between the hydrophilic backbone and the main peptide sequence. (B) Random-
statistical copolymers of HPMA and multiple pendant peptides (cationic peptide in green;
second bioactive peptide in purple). (C) Diblock copolymer of HPMA and multiple pendant
peptides, where the cationic peptide is on one block, and a second bioactive peptide on a
different block.

our work, we have also noted effects of polymer architecture and multivalency on trans-
fection efficiency. Finally, we conclude with some therapeutic applications of this class of

peptide-functionalized brush polymers that we have investigated.
4.2 Nucleic acid condensation using basic peptides

Cationic vectors can be used to form electrostatic complexes with anionic nucleic acid,
termed “polyplexes”, to protect the nucleic acid from serum and intracellular proteases.
Early studies demonstrated the use of poly-L-lysine as a transfection agent to deliver plasmid
DNA to achieve exogeneous protein expression [16]. Further work was conducted to optimize

the oligolysine and polylysine residues for enhanced gene transfer, as well as introduce salt-
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and serum-stability into these carriers [17]. Since then, a number of cationic polymers
have been developed for gene delivery applications [1, 18]. In 1997, O’Brien-Simpson and
coworkers reported a general method for the assembly of multi-peptide polymer constructs
using acryloyl peptides by radical polymerization for vaccine development [19]. Thus, we
hypothesized that this polymer architecture would enable a high incorporation of peptide
moieties for the development of gene delivery vectors.

As a starting point, HPMA was chosen to compose the hydrophilic backbone. HPMA
has been widely used for the synthesis of polymer-drug conjugates due to its biocompati-
bility, as well as its synthetic versatility and flexibility [20]. Therefore, we copolymerized
short pendant oligolysine peptides with HPMA in a random-statistical brush polymer archi-
tecture using both free radical and RAFT polymerization approaches (Figure 4.2) [21, 22].
Polymers synthesized by RAFT polymerization exhibited more narrow polydispersity and
better control over final polymer composition [23]. We next optimized the peptide length
and molecular weight of these statistical polymers generated by RAFT polymerization, and
found a peptide length of ten lysines, a composition of 5 mmol lysine per gram polymer,
and a molecular weight of ~60kDa was optimal for high transfection efficiencies (compa-
rable to that of bPEI) and limited cytotoxicity [23]. Surprisingly, a 50% longer oligolysine
peptide (Kj5) demonstrated poor transfection efficiencies despite similar lysine composition
and molecular weight. Extensive studies on the mechanism of enhanced transfection of the
optimized polymer (p[HPMA-co-Kjp]) over the poorly-performing polymer (p[HPMA-co-
K5]) showed that polyplexes of larger aspect ratios (more rod-like) greatly reduced cellular
uptake and subsequent transfection efficiency [24]. Previous studies have reported that
polylysine length correlates to the aspect ratio of the lysine/DNA complexes, thus high-
lighting the importance of understanding the biophysical interaction of plasmid DNA with
various cationic moieties. In order to reduce cytotoxicity, we explored reducing charge
density by alternating lysine residues with glycine spacers (p[HPMA-co-(GK)s]). Interest-
ingly, these polymers resulted in similar transfection efficiency compared with its pentamer
counterpart (p[HPMA-co-Ks]) but actually demonstrated increased cytotoxicity [25].

Arginine is another cationic amino acid residue that has been explored as a complexa-

tion agent. The ability of arginine to exhibit cell-penetrating capabilities has allowed for
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as the chain transfer agent (CTA) [26] and VA-044 as the initiator. The 6-carbon amino-
hexanoic acid (Ahx) is used as a linker between the pendant oligolysine peptide and the
hydrophilic backbone.
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enhanced cellular uptake [27]. Cell-penetrating peptides (CPP) such as the TAT protein
transduction domain contain a number of arginine residues [28, 29]. Harashima and cowork-
ers demonstrated that liposomes modified with an increasing density of octaarginine (Rg)
peptides were taken up via macropinocytosis rather than clathrin-mediated endocytosis [30].
Therefore, arginine oligopeptides were also used as the complexation moiety in statistical
HPMA brush polymers [25]. Similarly to previous reports comparing arginine motifs with
lysine motifs [31-34], HPMA-oligoarginine polymers performed better in transfection effi-
ciency when compared to a lysine analogue (~5-10mmol lysine or arginine per gram poly-
mer) but also caused increased cytotoxicity. Furthermore, due to challenges in synthesizing
oligoarginine residues, guanidinylation of the lysine resides with O-methylisourea was also
explored; guanidinylation has been shown to increase transfection efficiencies of various car-
riers [35-38] and cellular uptake of HPMA constructs [39]. Conversion of the lysine residues
in HPMA-oligolysine polymers to homoarginines resulted in higher transfection efficiencies
and lower cytotoxicity than branched PEI. Therefore, this method could be readily applied

to other primary amine-based polymers to increase gene transfer efficiencies.
4.3 Degradability using environmentally-responsive elements

Biodegradability is a desirable attribute for the in wvivo application of gene delivery vec-
tors. Since higher polycation molecular weights can lead to increased toxicity [23, 40—42],
linker chemistries have been used to introduce degradability into polymeric vectors. For
example, environmentally-responsive linkages such as disulfide and acid-labile bonds can
enable the release of cargo in specific intracellular compartments and promote degradabil-
ity [43]. Likewise, specific amino acid sequences can be enzymatically degraded by various
proteases [44-46]. We have explored both of these strategies for introducing a degrad-
able segment into these HPMA-oligolysine polymers. Due to the relatively high levels of
glutathione, a reducing agent, in the cytosolic environment compared to the extracellular
space [47], the incorporation of disulfide linkages into polymeric carriers has been an at-
tractive approach to increase biodegradability. To introduce reducibility, the six-carbon
linker 6-aminohexanoic acid (Ahx) was exchanged with a linker containing a disulfide bond,

3-[(2-aminoethyl)dithio] propionic acid (Aedp) [48]. These reducible polymers were less cy-
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totoxic, but achieved less efficient transfection efficiencies compared to the non-reducible
analogue. However, a mixed formulation of reducible and non-reducible polymers achieved
an intermediate level of transfection efficiency and reduced cytotoxicity. The high concen-
tration of disulfide bonds within the polymer may lead to chemical instability, which was
evidenced by partial improvement in transfection efficiency in the presence of EDTA to
minimize metal-catalyzed redox/oxidation reactions.

As an alternative approach to enhancing degradability, we explored the use of enzymatic-
ally-cleavable peptide linkers, which have been used to introduce site-specific cleavage sites
for the release of drugs and peptides [49-51]. A commonly used peptide linker sequence is
cathepsin B-labile [12, 52]; cathepsin B is a lysosomal cysteine protease that exhibits endo-
and exopeptidase activity [53]. We designed a cathepsin B-labile peptides sequence as a
four amino acid sequence (FKFL), flanked by 6-carbon spacers (Ahx), and introduced the
linker onto the N-terminus of the oligolysine motif between the HPMA backbone and the
pendant cationic peptide [54]. The peptides demonstrated site-specific cleavage by cathep-
sin B within 15 minutes, while the polymers showed complete degradation of the pendant
modified oligolysine motifs within 1hour. In contrast to the reducible polymers in which
transfection efficiencies were lower with polymers containing reducible linkers, the cathepsin
B-labile polymers showed similar levels of transfection and were less toxic compared to a
non-degradable analogue consisting of nondegradable D-amino acids. Therefore, this work
demonstrates the possibility of using enzymatically-cleavable linkers to enable site-specific

release and degradability for polyplex formulations.
4.4 Endosomal escape strategies

Once internalized, polyplexes are exposed to increasingly acidic environments in endosomes
and lysosomes, and eventually are degraded by lysosomal proteases. To circumvent lyso-
somal degradation, various strategies have been investigated to induce endosomal escape,
such as the incorporation of peptide moieties that enable proton buffering [55] or interaction
with lipid membranes [56]. Virally-derived peptides, such as TAT, Antennapedia (Antp),
and HGP, and membrane-disruptive peptides, such as melittin, have been used to increased

delivery efficiencies of cargo due to their ability to interact with lipid membranes [3]. We
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have used both of these approaches to enhance the endosomal escape abilities of our HPMA-
oligolysine brush polymers, with varying success [57-59].

As a first approach, we drew inspiration from bPEI, which is commonly used as a trans-
fection agent due to its ability to induce endosomal escape wia the buffering of protons
at pH ~6-7 [60, 61]. Several groups have mimicked this buffering strategy by incorporat-
ing histidine residues, which contain a protonable imidazole group at pH 6-7, into various
gene carriers [55]. The addition of a second oligohistidine-containing peptide into statis-
tical HPMA-oligolysine polymers demonstrated increased transfection efficiencies [22]. To
further optimize the incorporation of oligohistidine peptides to increase transfection, sta-
tistical and diblock polymers were synthesized with varying incorporations of oligohistidine
residues ranging in oligohistidine peptide incorporation (Figure 4.3) [57]. Interestingly,
the polymer architecture affected the buffering range of the polymer in that diblock poly-
mers buffered in the upper endosomal pH range (pH5.6-7.4) whereas statistical polymers
buffered in the lower endosomal pH range (pH 5.1-6.6). Despite improved buffering capabil-
ities, only the statistical polymer containing 1.4 mmol histidine per gram polymer showed
slight improvements in transfection ability over its non-histidylated analogue, possibly due
to preferentially trafficking of the polyplexes through the non-acidifying caveolae-mediated
endocytic pathway [62]. Furthermore, endosomal buffering requires a critical concentration
threshold to be a viable strategy for endosomal escape, and thus, the use of more potent
strategies may be beneficial.

Hydrophobic modification of polycationic polymers is another strategy for promoting
endosomal escape. Xu and Szoka proposed that upon endocytosis, lipid-modified polyca-
tion/DNA complexes form ion pairs with the negatively-charged amphiphilic endosomal
membrane, resulting in membrane destabilization and release of cargo [63]. Furthermore,
incorporation of hydrophobic moieties allows for physical encapsulation of the genetic pay-
load, enhanced serum stability, increased cell viability, and targeting ability [64]. Several
reviews have been published regarding the advantages of lipid or hydrophobic modification
of polycationic gene carriers [65, 66]. Previously, Abassi et al. reported various lipid-
substituted polylysines as vectors for plasmid delivery and expression in skin fibroblasts.

They showed that while all modified and unmodified polylysines demonstrated complete
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Figure 4.3: Synthesis of diblock HPMA copolymers containing multiple pendant
peptides. RAFT polymerization of HPMA and PDSMA (molecule 1), and then chain-
extension with HPMA and oligo(L-lysine) to form the second block (molecule 2). Disulfide
exchange between the pyridyl disulfide on 2 and a cysteine-functionalized peptide yields a
diblock polymer with two bioactive peptides (molecule 3).



113

complexation with plasmid DNA, polymers with increased lipid substitution were more
resistant to unpackaging with heparin treatment. Furthermore, most lipid-modified poly-
mers exhibited increased pEGFP expression compared to native polylysine, with myristic
and stearic acid lipid substituents demonstrating less cytotoxicity [67]. Inspired by this
work, we prepared a panel of stearic acid-modified copolymers of HPMA and oligolysine.
We grafted NHS-activated stearic acid (SA) onto the e-amine of the lysine moiety of the
previously optimized p[HPMA-co-Kjg] copolymers at DP 190. The lipid substituent was
grafted at various lipid to lysine ratios for optimization (Table 4.1). We then evaluated the
polymers for gene transfection. There was no significant increase in gene transfection with
these lipid-modified copolymers in vitro (Figure 4.4A); increasing lipid substitution also
decreased transfection efficiency (Figure 4.4B). Interestingly, high lipid substitution showed
decreased cytotoxicity. Thus, for these HPMA-oligolysine polymers, lipid substitution is

not a viable method for increasing transfection efficiency.

Table 4.1: Characterization of lipid substitution on p[HPMA-co-Kjo] copolymers

Polymer designation Lys:Lipid molar Lipid/HPMA® %  Substituted
ratio Lys®

p[HPMA-co-Kjp-g-SA]  10:1 0.35 14

(10:1)

p[HPMA-co-Kjp-g-SA]  20:1 0.21 8.4

(20:1)

p[HPMA-co-Kjp-g-SA]  40:1 0.12 4.8

(40:1)

?Based on NMR integration of lipid -CH3-CO (~2.4 ppm) and HPMA -CH(OH)-CHj3 (~3.7 ppm).
YBased on the theoretical mole ratio (~20% AhxK;o and 80% HPMA): 2.5mole Lys/1 mole HPMA.

Alternatively, membrane-active peptides have been promising for inducing endosomal
escape due to their high disruptive potency [56]. We have investigated the use of melittin,
a 26-mer derived from venom of the honey bee Apis mellifera [58], and sHGP, a shortened
and optimized 15-mer peptide derived from the endodomain of the HIV gp4l region [59].
Melittin undergoes an a-helical conformational change at lipid membranes, allowing the
peptide to insert into the membrane and induce pore formation [68, 69]. Polymeric carriers

conjugated with melittin showed significantly increased transfection in vitro and in vivo



114

A 10104
BN/P 3
s 10°1 ONPS T
g%‘ 108 ON/P 10
D.§ T
l.ﬁ o 107
¢ ¢
E 3 106
N
'gE. 105 4 I
|
104 4
10:1 20:1 40:1
-co-K. -0- p(HPMA- DNA onl
p(HPMA-co-K,,-g-SA) co-K,,) Y
B 140 1
£ 120 4 .
'§ £ 100
g8 807
Ec 60+
S 2
Z o 40 1
& 20 -
O -
10:1 20:1 |
p(HPMA-co-K,,-g-SA) p(HPMA- DNA only
co-K,,)

Figure 4.4: Transfection of stearic acid (SA)-modified p[HPMA-co-K;j] poly-
plexes in HeLa cells. HeLa cells were treated with polyplexes (containing 1 ug plasmid
DNA) at charge ratios (N/P) of 3, 5, and 10 for 4 h in serum-free conditions, washed, and re-
plenished with complete media. At 48 h post-transfection, cell lysates were assessed for (A)
luciferase reporter gene expression and (B) protein content as an indicator for cytotoxicity.
Data are presented as the mean + S.D., n = 3.
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[58, 70, 71]. Similarly to the HPMA-oligolysine-oligohistidine diblock copolymer, melittin
was grafted onto a diblock of p[HPMA-co-PDSMA]-b-[HPMA-co-Kjp|, using PDSMA as
the point of conjugation [58]. Incorporation of melittin into these brush polymers displayed
hemolytic ability and significantly improved transfection efficiency over the base polymer,
but also increased toxicity. To ameliorate some cytotoxicity, mixed formulations of the
base polymer and the melittin-containing polymer were used for transfection and showed
markedly improved toxicity profiles and even further improved transfection efficiencies to
greater than that of branched PEI.

The incorporation of sHGP also helped increase the transfection efficiency of HPMA-
oligolysine polymers [59]. sHGP was incorporated into HPMA-oligolysine polymers in a di-
block architecture, similarly to melittin and the diblock oligohistidine-containing polymer,
as well as a statistical architecture. Both polymer architectures demonstrated improved
transfection efficiency compared to the base HPMA-oligolysine polymer, but the diblock
polymer self-assembled into micelles, thereby sequestering the hydrophobic, membrane-lytic
sHGP region. Interestingly, the diblock architecture resulted in less hemolytic activity and
improved cytotoxicity profiles. Thus, these results suggest that the exposure of hemolytic
regions under certain environmental conditions can lead to more efficient yet less toxic
vectors. This strategy has previously been used in the design of synthetic polymers for
siRNA delivery, where the exposure of a hydrophobic lytic domain occured under endoso-
mal pH to facilitate cargo release into the cytosol [26]. To compare these different endosomal
escape strategies, cells were transfected with p[HPMA-co-Kjp] containing either oligohis-
tidine, melittin, or sHGP peptides (Figure 4.5). All polymers that contained endosomal
escape modalities performed better than the base polymer containing only oligolysine pep-
tides. The statistical polymer containing oligohistidine peptides and the block polymer
containing sHGP performed the best; however, the block sHGP polymer was the least toxic

overall.
4.5 Delivery mechanisms of HPMA-peptide polymers

Salt stability is necessary for the systemic administration of polyplexes since polyplex ag-

gregation can lead to in vivo toxicity [72]. The incorporation of HPMA as a hydrophilic
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Figure 4.5: Comparative transfection of p[HPMA-co-K;o] polymers ("pHK10”)
modified with various endosomal escape modalities in HeLa cells. HeLa cells (3 x
10%) were treated with polyplexes (containing 1 ug plasmid DNA) at charge ratios (N/P) of
3,4, and 5 for 4 h in serum-free conditions, washed, and replenished with complete media. At
48 h post-transfection, cell lysates were assessed for (A) luciferase reporter gene expression
and (B) protein content as an indicator for cytotoxicity. pHKI10 unmodified: p[HPMA-
co-Kyol; pHK10 + histidine: p[HPMA-co-Kio-co-KsHs] [57]; pHK10 mix + 5% melittin:
a mixture of 95:5% (v/v) p[HPMA-co-Kio|:p[HPMA-co-melittin]-b-[HPMA-co-Ko] [58];
pHK10 miz + 15% melittin: a mixture of 85:15% (v/v) p[HPMA-co-Kio]:p[HPMA-co-
melittin]-b-[HPMA-co-Kyo]; pHK10 + melittin: p[HPMA-co-melittin]-b-[HPMA-co-Kjo];
pHK10 + st-sHGP: p[HPMA-co-Kio-co-sHGP]; pHK10 + b-sHGP: p[HPMA-co-sHGP]-b-
[HPMA-co-Kjp|. Data are presented as the mean + S.D., n = 3.



117

segment has reduced the salt-induced aggregation of multiple polymeric gene delivery sys-
tems [73-75]. We have also demonstrated increased salt stability of HPMA-oligolysine
polyplexes when compared to lysine peptides or polylysine polyplexes [21-23]. In our op-
timization studies, salt stability decreased with increasing peptide incorporation [21, 22],
larger polymer molecular weights, and longer oligolysine peptide lengths [23]. In particu-
lar, the latter trend was unexpected since polymers containing longer oligolysine peptides
also had longer HPMA segments in the polymer backbone. The incorporation of a hy-
drophilic HPMA shell onto poly(glycidyl methacrylate-tetraethylenepentamine) (p[GMA-
TEPA]) also reduced salt-induced aggregation of the polyplexes; in this case, longer hy-
drophilic segments further enhanced polyplex stability in physiological salt conditions [76].
As seen with polymers containing poly(ethylene glycol) (PEG) as a salt stabilizer [77],
polymers containing the HPMA shell also demonstrated decreased in vitro transfection ef-
ficiencies. These results highlight the tradeoffs of incorporating hydrophilic segments into

polymers for enhanced gene delivery in vivo.

In order to develop improved materials for nucleic acid delivery, it is important to under-
stand the delivery mechanisms of engineered materials. To further characterize the HPMA-
oligolysine polymers, we first determined the uptake efficiency of the optimized oligolysine-
containing polymer (p[HPMA-co-Kjg]) [24]. Despite much lower polyplex uptake efficien-
cies of the optimized polymer (p[HPMA-co-Kio]) vs. bPEI [78], the HPMA-oligolysine
polymer achieved similar transfection efficiencies to that of bPEI [23]. Since alternative up-
take routes have been implicated in improving polyplex transfection [62], transfection of the
HPMA-oligolysine copolymers was also completed with the presence of various endocytic in-
hibitors [24, 57]. Transfection efficiencies were decreased in the presence of a small-molecule
inhibitor for caveolae-mediated endocytosis, a pathway that circumvents the acidification
process necessary for endosomal buffering. These results suggest that transfection may be
more productive when HPMA-oligolysine polyplexes are routed via a non-acidifying endo-
cytic route, similarly to other polycation systems [63, 79, 80]. Therefore, understanding the
uptake pathway of various polymer formulations can aid in the rational design of improved

materials.
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4.6 Therapeutic applications

4.6.1 Stealth coatings for adenovirus-mediated gene delivery

Adenoviruses, especially adenovirus serotype 5 (Ad5), are effective gene delivery agents
since they are able to transduce both dividing and non-dividing cells, and can be produced
in large titers [81, 82]. However, Ad5 also induces a host immune response, limiting its use
for systemic re-administration, and can only transduce cells expressing Coxsackievirus and
Adenovirus Receptor (CAR) and o'V integrins on their surface. To reduce the immunogenic
response to the Ad5 capsid, as well as enhance the uptake of Ad5 in CAR-negative cell
types, synthetic polymers using polyethylene glycol (PEG) and HPMA have been explored
as stealth coatings [83]. We have also used HPMA-oligolysine brush polymers, varied in
lysine peptide lengths, molecular weights, and degradability properties, to electrostatically
interact with the negatively-charged viral capsid to form stealth coatings [84]. Interestingly,
a peptide length of 10 lysines was optimal for increasing transduction of Ad5 under serum
and serum-free conditions, similarly to the optimal polymer found for nonviral polyplex
transfections [23]. The polymer coatings also enabled transduction of CAR-negative cells,
which was mediated by the presence of heparan sulfate proteoglycans (HSPGs) on the
cell surface. In particular, sulfated HSPGs have been implicated in enhancing cellular
uptake of cationic materials through electrostatic interactions [85]. Furthermore, the stealth
coating also significantly protected the virus from neutralizing antibodies, which inhibits
efficient in vivo viral transduction, without reducing transduction efficiency; these results
demonstrated the potential applicability of HPMA-oligolysine brush polymers to enhance

Ad5 transduction in vivo.

4.6.2  Delivery to the central nervous system (CNS)

The delivery of therapeutic genes to the CNS can be beneficial for the treatment of neuro-
logical disorders [86, 87]. However, gene delivery to the CNS using nonviral vectors has not
been successful due to the low transfection efficiencies achieved in non-dividing cells and low
cellular uptake rates in terminally-differentiated neurons [88-90]. One approach to increase

efficacy is to conjugate targeting ligands to polymeric vectors to enhance uptake by neuronal
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subtypes [7, 91, 92]. We previously demonstrated that conjugation of Tetl, a 12-mer pep-
tide identified by phage display to bind the Gtb1 ganglioside [93], to polyethylenimine (PEI)
enhanced gene delivery to neural progenitor cells (NPCs) [94]. We found that ~0.6 Tetl per
polymer was sufficient to enhance transfection efficiency to NPCs in vivo. Recently, we have
extended this work by exploring the effect of multivalency on targeting capability by varying
ligand density of pendant Tetl peptides in statistical HPMA-oligolysine copolymers [95].
We showed that there was an optimal ligand density for transfection of neuron-like PC-12
cells (~3 Tetl per polymer), mainly due to increased toxicities seen with higher Tet1 ligand
incorporation. Interestingly, high concentrations (> 100 uM) of the Tetl peptide alone did
not cause significant cytotoxicity, suggesting that the incorporation of hydrophobic peptides
such as Tetl can increase the toxicity of cationic polymers [65].

Another approach for increasing transfection efficiency to neurons is to enhance endo-
somal escape of endocytosed polyplexes [96]. We have also demonstrated that melittin-
containing HPMA polymer carriers enhanced effective bulk luciferase transfection to the

brain over polymers without melittin after intraventricular injection [58].
4.7 Conclusions and future directions

In summary, we have demonstrated the synthesis of cationic polymers consisting of a hy-
drophilic HPMA backbone with multiple pendant peptides for DNA condensation, degrad-
ability, and endosomal escape. These HPMA-peptide brush polymers have also been used to
improve adenovirus transduction and targeted delivery to the central nervous system. The
relatively simple polymerization strategy used to synthesize these polymers have allowed the
investigation of peptide multivalency, polymer architecture, and the use of various bioactive

peptides for gene delivery applications.
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Abstract

Biodegradability can be incorporated into cationic polymers via the use of disulfide linkages
that are degraded in the reducing environment of the cell cytosol. In this work, N-(2-
hydroxypropyl)methacrylamide (HPMA) and methacrylamido-functionalized oligo-L-lysine
peptide monomers with either a non-reducible 6-aminohexanoic acid (AHX) linker or a
reducible 3-[(2-aminoethyl)dithiol]propionic acid (AEDP) linker were copolymerized via re-
versible addition-fragmentation chain transfer (RAFT) polymerization. Both of the copoly-
mers and a 1:1 (w/w) mixture of copolymers with reducible and non-reducible peptides
were complexed with DNA to form polyplexes. The polyplexes were tested for salt stability,
transfection efficiency, and cytotoxicity. The HPMA-oligolysine copolymer containing the
reducible AEDP linkers was less efficient at transfection than the non-reducible polymer
and was prone to flocculation in saline and serum-containing conditions, but was also not
cytotoxic at charge ratios tested. Optimal transfection efficiency and toxicity was attained
with mixed formulation of copolymers. Uptake studies indicated that blocking extracellu-
lar thiols did not restore transfection efficiency and that the decreased transfection of the
reducible polyplex is not primarily caused by extracellular polymer reduction by free thiols.
The decrease in transfection efficiency of the reducible polymers could be partially mitigated

by the addition of 1 mM EDTA to prevent metal-catalyzed oxidation of reduced polymers.!

'Reprinted from International Journal of Pharmaceutics, Shi, J., et al., Reducible HPMA- co-oligolysine
brush copolymers for nucleic acid delivery, 427, pp. 133-22, Copyright(©) 2012, with permission from
Elsevier.
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5.1 Introduction

Biodegradability is an important attribute of polycations used in nucleic acid delivery for-
mulations for in vivo applications. Polyplexes (polycation and nucleic acid complexes)
formed from higher molecular weight polycations are more stable in the extracellular envi-
ronment [1] while intracellular nucleic acid release typically occurs by competitive displace-
ment and therefore occurs more readily when shorter polycations are used [2]. In addition,
polycation cytotoxicity has been shown to be reduced with decreasing polymer molecular
weight [3-5]. To meet these two seemingly opposing material requirements, polycations
that undergo triggered intracellular degradation have been employed. The two most com-
monly used strategies employed in design of degradable polycations are acid-labile bonds,
such as hydrazones and esters, and reducible disulfide linkages [6-8]. The latter approach
is particularly attractive because the disulfide bonds are stable in the oxidizing extracellu-
lar environment while the reducing environment of the cell cytoplasm triggers intracellular

degradation.

Three major approaches have been used to incorporate reducible bonds in polyplex for-
mulations: (1) crosslinking polyplexes using reactive thiols or disulfide-containing crosslink-
ers, (2) crosslinking low molecular weight polycations using the same approach, or (3)
synthesizing cationic polymers with internal disulfide linkages. Disulfide bonds were first
introduced to polyplex formulations by crosslinking preformed polyplexes to increase stabil-
ity of polyplexes for in vivo applications [9-11]. In these examples, crosslinked polyplexes
were shown to be more resistant to DNA release and colloidal aggregation. The second
approach has been primarily applied to polyethylenimine (PEI); crosslinking of PEI has
been shown to increase transfection efficiency of low molecular weight PEI while providing
reduced toxicity compared with high molecular weight, non-degradable PEI in several re-
ports [12-20]. Finally, reducible polymers, such as reducible poly(amidoamines) have been
synthesized by using monomers containing an internal disulfide bond [21-25]. One ma-
jor advantage of this approach is better control over final polymer architecture that may

improve the reproducibility of polyplex formulations.

We previously synthesized HPMA-oligolysine copolymers that contain a reducible disul-



131

fide linker, 3-[(2-aminoethyl)dithio] propionic acid (AEDP), between the HPMA backbone
and the oligolysine peptide via free radical polymerization [21]. Additionally, we recently
demonstrated that the HPMA-oligolysine copolymers can be synthesized wvia reversible
addition-fragmentation chain transfer (RAFT) polymerization, resulting in narrowly-disperse
and well-defined polymers, as well as stoichiometric incorporation of peptide monomers.
The oligolysine length, oligolysine content, and polymer molecular weight for this class of
polymers was optimized for polymers ability to transfect cultured cells [26, 27]. Polymers
composed of oligolysines with ten lysines (Kjg) incorporated at 20 mole % showed compa-

rable transfection efficiencies to that of polyethylenimine (PEI), but with reduced toxicity.

The goal of this work is to synthesize reducible HPMA-oligolysine polymers via con-
trolled RAFT polymerization and to evaluate transfection efficiency and toxicity of these
materials in several cultured cell lines. Because HPMA-oligolysine molecular weight and
peptide loading can be well controlled using this approach, the effect of a reducible versus
stable architecture can be studied directly by keeping these other factors, known to affect
transfection efficiency, constant. Although the backbone of these HPMA-oligolysine poly-
mers is not readily degradable, reduction results in release of oligolysine peptides from the
main chain. Since the oligolysine component of the copolymers represents a majority of
the mass ratio of the copolymer, complete reduction of disulfide linkers by releasing the
oligolysine component from the polymer would result in a significantly diminished polymer
molecular weight. Thus, polymers were designed to have molecular weights above the re-
nal filtration threshold to promote polyplex stability during circulation but to degrade into

fragments that can be easily excreted after disulfide reduction.

In this work we report the synthesis and evaluation of HPMA-oligolysine copolymers for
the delivery of plasmid DNA. Copolymers of HPMA and oligolysine with either a nonre-
ducible or a reducible linker were synthesized via RAFT polymerization. Polyplexes with
these copolymers were evaluated for salt stability, and transfection efficiency and cytotox-
icity various cell lines. Finally, flow cytometry and transfection studies with 5,5-dithiobis-
(2-nitrobenzoic acid) (DTNB) assess the effect of free extracellular thiols on uptake and

transfection efficiency using these copolymers.
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5.2 DMaterials and methods

5.2.1 Materials

N-(2-hydroxypropyl)methacrylate (HPMA) was purchased from Polysciences (Warrington,
PA). The initiator VA-044 was purchased from Wako Chemicals USA (Richmond, VA).
Chain transfer agent ethyl cyanovaleric trithiocarbonate (ECT) was a generous gift from
Dr. Anthony Convertine (University of Washington). Rink amide resin was purchased
from Merck Chemical Int. (Darmstadt, Germany). HBTU and Fmoc-protected lysine
were purchased from Aapptec (Louisville, KY). N-succinimidyl methacrylate was purchased
from TCI America (Portland, OR). All cell culture reagents were purchased from Cell-
gro/Mediatech (Fisher Scientific, Pittsburgh, PA). All other materials, including poly(ethylen-
imine) (PEIL, 25,000 &/mol, branched) and poly(L-lysine) (PLL, 12,000 - 24,000 &/mol), were
reagent grade or better and were purchased from Sigma-Aldrich (St. Louis, MO) unless
otherwise stated. Endotoxin-free plasmid pCMV-Luc2 was prepared by using the pGL4.10
vector (Promega, Madison, WI) and inserting the CMV promoter/intron region from the
gWiz Luciferase (Aldevron, Madison, WI). The plasmid was isolated and produced with the

Qiagen Plasmid Giga kit (Qiagen, Germany) according to the manufacturers instructions.

5.2.2  Synthesis of peptide monomers

N-(9-Fluorenylmethoxycarbonyl)-protected 3-[(2-aminoethyl)dithio] propionic acid (Fmoc-
Aedp) was synthesized as previously described, but with some improvements [21]. Briefly,
616 mg (1.83 mmol, 2eq.) of 9-fluorenylmethyl N-succinimidyl carbonate (Fmoc-OSu) was
dissolved in 6 mL of dimethoxyethane (DME). An AEDP solution (2eq. at 90&/L in aque-
ous sodium bicarbonate) was then added dropwise to the Fmoc-OSu solution while stirring.
The reaction mixture was allowed to proceed for 3h at room temperature with vigorous
stirring in the dark after which the solution was filtered through a 0.2 ym pore size PVDF
filter and solvent removed in vacuo. The desired product was then extracted in chloro-
form as described previously. Crude material was then dissolved in minimum amount of
dichloromethane and reprecipitated in cold hexane to give an off-white solid in quantitative

yield.
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Oligo-L-lysine (Kjg) was synthesized on a solid support containing the Rink amide linker
(100-200 mesh) using standard Fmoc/tBu chemistry on an automated PS3 peptide synthe-
sizer (Protein Technologies, Phoenix, AZ). Prior to peptide cleavage from the resin, the
N-terminus of the peptide was deprotected and modified with either Fmoc-protected 6-
aminohexanoic acid (AHX) or Fmoc-AEDP. The N-terminus was then subsequently depro-
tected and reacted with N-succinimidyl methacrylate to provide a methacrylamido function-
ality on the peptide. The functionalized peptide monomers are referred to as MaAhxK;g and
MaAedpKip. Synthesized peptides were cleaved from the resin by treating the solid support
with a solution of trifluoroacetic acid (TFA)/dimethoxybenzene (DMB)/triisopropylsilane
(TIS) (92.5:5:2.5 v/v/v) for 1.5h with gentle mixing. Cleaved peptide monomers were then
precipitated in cold ether, dissolved in methanol, and re-precipitated in cold ether. The pep-
tide monomers were then frozen, lyophilized, and stored at -20 °C until polymer synthesis.
If needed, peptide monomers were purified via reversed-phase high-performance liquid chro-
matography (RP-HPLC) using acetonitrile as the mobile phase and dHO (0.1 pm filtered)
as the stationary phase. The peptide monomers were analyzed by RP-HPLC and MALDI-
TOF mass spectrometry (MS) and were shown to have greater than 95% purity. The
products were confirmed by MALDI-TOF MS. MALDI-TOF MS calculated for MaAhxKjq
(MH™), [1479.98]; found, [1480.02]. MALDI-TOF MS calculated for MaAedpKio (MHT),
[1530.09]; found, [1530.09].

5.2.8  Synthesis of HPMA-co-AhzK g via free radical polymerization

A copolymer of HPMA-co-AhxK1o was synthesized via free radical polymerization as previ-
ously described [21], with some modifications. Briefly, 20 mol% of MaAhxKj( (0.027 mmol,
or 40 mg) and 80 mol% of HPMA (0.108 mmol, or 15.5 mg) were dissolved in reaction buffer
(6 M guanidine hydrochloride, 2mM EDTA, 0.5 M Tris-base, buffered to pH 8.3 with HCI)
to give a final monomer concentration of 85mg/mL. The weight of the initiator (I) 2,2-
azobis[2-(2-imidazolin-2-yl)propane|dihydrochloride (VA-044) used for the polymerization
was calculated as 5% of the total mmole of the monomer (to give a theoretical degree of

polymerization, or DP, of 190). The reaction mixture was added to an oven-dried 5mL
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pear-shaped reaction vessel, purged with N9 gas for 15 min, and then sealed and heated to

44°C for 48 h to generate 27 mg of copolymer after dialysis.

5.2.4  Synthesis of HPMA-co-AhxK 19 and HPMA-co-AedpKig via RAFT polymerization

Copolymers of HPMA-co-AhxKyy and HPMA-co-AedpK;g were synthesized via reversible-
addition fragmentation chain transfer (RAFT) polymerization as previously described [26],
using ethyl cyanovaleric trithiocarbonate (ECT, MW 263.4 g/mol) [28] as the chain transfer
agent (CTA) and VA-044 as the initiator (I). Briefly, 20 mol % of either MaAhxK; or
MaAedpKjg (0.176 mmol, or 270.0 mg) and 80 mol% of HPMA (0.705 mmol, or 100.98 mg)
were dissolved and sonicated in acetate buffer (1M in dH2O, pH5.1) such that the final
monomer concentration was 0.7 M. The molar ratio of CTA/T was 10, and the DP used was
190. The reaction mixture was added to a 5mL reaction vessel in the following order:
ECT (100 mg/mL in ethanol), 100% ethanol (10% of the final reaction volume), peptide
monomer/HPMA mixture, and VA-044 (10 mg/mL in acetate buffer). The reaction vessels
were then sealed with a rubber septum and purged with No gas for 10 min prior to incubation
in an oil bath (44 °C) for 24 h. The copolymer solution was then dissolved in water, dialyzed
against dH20O to remove unreacted monomers and buffer salts, lyophilized, and stored at

-20°C. The final yield after dialysis was 58% of the theoretical yield.

5.2.5 Polymer characterization and degradation studies

Molecular weight analysis of the copolymers was carried out by gel permeation chromatog-
raphy (GPC) as previously described, using a miniDAWN TREOS light scattering detector
(Wyatt, Santa Barbara, CA) and an Optilab rEX refractive index detector (Wyatt). Abso-
lute molecular weight averages M,, and M,, and dn/dc values were calculated using ASTRA
software (Wyatt). The dn/dc value for each copolymer was 0.133mL/g. The content of
K10 peptide within the HPMA copolymers were determined by amino acid analysis, as
previously described [27].

Reduction of HPMA-MaAedpKiy copolymers was carried out by dissolving the copoly-
mers at a concentration of 10 mg/mL in acetate buffer (150 mM, pH4.4) with 1mM EDTA.
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Tris(2-carboxyethyl)phosphine) (TCEP) was added to the solution to a final concentration
of 25 mM. The progress of the reaction was followed by GPC using methods described above.

5.2.6 Polyplex formulation and characterization

Stock solutions of polymers were prepared at 10 mg/mL in 0.1X phosphate buffered saline
(PBS), and the pH was adjusted to 6.5 by adding 0.1 N HCI. Polymer solutions were used
within 2 weeks of preparation. To formulate polyplexes, pCMV-Luc2 plasmid DNA was
diluted to 0.1 mg/mL in DNase/RNase-free HoO and mixed with an equal volume of polymer
at desired lysine to DNA phosphate (N/P) ratios. Polyplexes were then allowed to incubate
for 10 min at room temperature. For in vitro transfections, 20 uL of the polyplex solution
(containing 1 ug DNA) was mixed with 180 uL of Opti-MEM medium (Invitrogen). The
particle size of the polyplexes was determined by mixing 20 uL. of the polyplex solution
with either 20 L of 0.2 pym-filtered dH30 or 20 uLL of 2X PBS. The polyplex solutions were
incubated for 15 min at room temperature prior to particle sizing by dynamic light scattering

(DLS) (ZetaPALS, Brookhaven Instruments Corp.).

For serum degradation studies, pCMV-Luc2 plasmid DNA was pre-stained with YOYO-1
iodide (Invitrogen), a known bis-intercalating dye, to yield a DNA concentration of 0.1 mg/mL
at a ratio of 5:1, DNA base pairs to dye molecules. The DNA-dye solution was allowed to
incubate for 1h at room temperature. Polyplexes were prepared by adding 10 uL of polymer
solution to 10 uL. of pDNA-dye solution (containing 1 ug DNA) at N/P of 5. Equal volumes
(20 L) of various fetal bovine serum (FBS) concentrations were added to the polyplex
solution to give serum final concentrations of 50%, 25%, and 10%, and the polyplexes were
allowed to incubate for 30 min. 20 uL aliquot samples, mixed with 1 ul of loading buffer,
were then loaded onto a 0.8% agarose gel containing TAE buffer (40 mM Tris-acetate, 1 mM
EDTA) and electrophoresed in the dark at 100 V. pDNA was then visualized using an UV

transilluminator (laser-excited fluorescence gel scanner, Kodak, Rochester, NY).
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5.2.7 Cell culture

HeLa (human cervical carcinoma), NIH/3T3 (mouse embryonic fibroblast), and CHO-K1
(Chinese hamster ovary) cells were grown in minimum essential medium (MEM), Dulbeccos
modified eagle medium (DMEM), and F-12K medium, respectively, supplemented with 10%
FBS and 100IU penicillin, 100 #g/mL streptomycin, and 0.25#&/mL amphotericin B. Cells

were passaged when they reached ~80% confluency.

5.2.8 In vitro transfection

HeLa, NIH/3T3, and CHO-K1 cells were seeded overnight in 24-well plates at a density of
3 x 10* cells per well (1 mLwell) at 37°C, 5% CO,. Polyplexes were formed as described
above. After the polyplexes were formed, 20 uL. (containing 1 ug DNA) was mixed with
180 uLL of Opti-MEM medium (Invitrogen) or complete cell medium (containing 10% FBS)
for serum transfections. Seeded cells were washed once with PBS and then treated with
200 pL of polyplexes in Opti-MEM or complete medium, which was added dropwise on top
of the cells. After a 4h incubation at 37°C, 5% COs in a humidified environment, the
cells were washed once again with PBS and incubated in 1mL of fresh complete medium
for an additional 44 h. For studies with DTNB, the cells were pre-incubated with 500 uL
DTNB (5mM in Opti-MEM) for 1h, washed with PBS, and then incubated with polyplexes
in Opti-MEM containing 5mM DTNB for 4h. For studies with EDTA, cells were treated
with polyplexes in Opti-MEM containing 1 mM EDTA for 4 h; cells were collected, washed
with PBS, pelleted, resuspended in complete media, and added back into the well for an
additional 44 h. In all experiments cells were harvested and assayed for luciferase expression
at 48 h. This was done by washing cells once with PBS, adding of 200 L reporter lysis buffer
(Promega, Madison, WI), and then performing one freeze-thaw cycle to complete the lysis
of cells. Lysates were collected and centrifuged at 14,000¢ for 15 min. Luminescence was
carried out following the manufacturers instructions (Promega, Madison, WI). Luciferase
activity is reported in relative light units (RLU) normalized by mg protein (RLU/mg), as
measured by a microBCA Protein Assay Kit (Pierce).
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5.2.9 Cytotozicity assay

The cytotoxicity of the polymers was evaluated in wvitro using the MTS assay. Hela,
NIH/3T3, and CHO-K1 cells were plated overnight in 96-well plates at a density of 3
x 10% cells per well per 0.1 mL. Polymers were prepared in serial dilutions in dH,O and
then diluted 10-fold in Opti-MEM medium (Invitrogen). The cells were rinsed once with
PBS and incubated with 40 uL of the polymer solution for 4h at 37°C, 5% COs. Cells
were rinsed once with PBS and the medium was replaced with 100 uL. complete growth
medium. At 48h, 20 uL of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2 H-tetrazolium (MTS) (Promega) were added to each well. Cells were then
incubated at 37°C, 5% COs for 4h. The absorbance of each well was measured at 490 nm
using a microplate reader (TECAN Safire?). ICsq values were computed using a nonlinear

fit (four-parameter variable slope) in GraphPad Prism v.5 (San Diego, CA).

5.2.10 Flow cytometry

HeLa and NIH/3T3 cells were seeded overnight in 6-well plates at a density of 2 x 10° cells
per well (2 mL/wel) at 37 °C, 5% CO,. Polyplexes were formulated with polymer and plasmid
DNA labeled with TOTO-3 (1 dye per 25 base pairs). The polyplexes were then diluted 10-
fold in Opti-MEM and the fluorescence of TOTO-3 were measured on a microplate reader
(Tecan Safire?). Seeded cells were washed once with PBS and treated with 1 mL of DTNB
(5mM in Opti-MEM) or Opti-MEM (for non-treated samples) for 1h at 37°C, 5% COas.
Polyplexes were formulated with polymer and plasmid DNA labeled with TOTO-3 (1 dye
per 25 base pairs). The cells were then incubated with 800 uL of Opti-MEM containing
polyplexes (with 5mM DTNB for treated samples) for 30 min at 37°C, 5% CO;. The cells
were washed once again with PBS and treated with CellScrub (Genlantis) for 15 min at
room temperature to remove extracellularly-bound polyplexes. Cells were then trypsinized
and pelleted at 1000g for 5min. Cell were pelleted again, washed with complete medium,
and resuspended in 0.3 mL complete medium for flow cytometry. Flow cytometry analysis
was completed at the Cell Analysis Facility (BD FACS Canto, University of Washington).

TOTO-3 was excited at 633 nm and the emission was detected using a 660/20-nm band-pass
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filter. A total of 10,000 events were collected per sample.

5.2.11 Statistical analysis

The data are represented as the mean and standard deviations. Differences were analyzed
using the two-tailed Student’s ¢-test and a p-value of less than or equal to 0.05 was taken

as significant.

5.3 Results

5.8.1 Synthesis of HPMA-co-AhzK ;9 and HPMA-co-AedpK ;¢

Synthesis of HPMA-co-MaAhxK;g and HPMA-co-MaAedpKig copolymers was carried out
by RAFT copolymerization of HPMA with oligolysine comonomers that contained either an
AEDP or AHX linker. The principle difference between the two linkers is that AEDP con-
tained an internal disulfide bond that can be degraded in reducing environments such as the
cell cytosol. Copolymerization was carried out as illustrated in (Figure 5.1). The resulting
polymers displayed properties that were close to targeted values (Table 5.1). The number
molecular weight average, M,,, of HPMA-co-MaAedpKig was 80.2 kDa, which corresponded
well to the targeted molecular weight of 79.5 kDa. Polydispersity of the copolymer was 1.11.
Amino acid analysis of the HPMA-oligolysine copolymers demonstrated a near quantitative
yield of the oligo-L-lysine peptide monomer in resulting copolymers (final mole %: 18.4).
As a result, the concentration of lysine in each of the final copolymers. In both copoly-
mers the targeted degree of polymerization (DP) was 190; as a consequence, the number of
monomers per copolymer chain was similar and the lysine weight ratio was identical despite
some difference in the final M,, of the two copolymers.

To compare polymers synthesized via RAFT and free radical polymerization, a copoly-
mer of HPMA-co-MaAhxK;o was also synthesized via free radical polymerization (Table
5.1). The parameters used in the synthesis were kept as similarly as possible to the synthe-
sis of the RAFT polymers to generate a comparable material. However, despite a targeted
DP of 190, the polymer synthesized via free radical polymerization had a very large M,, and

also resulted in lower than expected incorporation of oligo-L-lysine peptide.
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Figure 5.1: Synthesis of reducible HPMA-co-oligolysine copolymers wvia
reversible-addition fragmentation chain transfer (RAFT) polymerization. Statis-
tical polymers of HPMA and oligolysine were synthesized via RAFT polymerization using
ECT as the chain transfer agent and VA-044 as the initiator. A CTA to [ ratio of 10 and
a degree of polymerization (DP) of 190 was used in all polymerizations. A non-reducible
(Ahx) or a reducible (Aedp) linker was used in the synthesis of the oligolysine (Kio) peptide
in order to introduce biodegradability into the polymer. Peptide monomers were function-
alized with a methacrylamido group (Ma) for polymerization.

5.3.2  Polymer degradation with TCEP

The HPMA-co-MaAedpKjy copolymer was treated with tris(2-carboxyethyl) phosphine
(TCEP) to reduce the disulfide bond contained in the MaAedpK;( component of the copoly-
mers. Reduction was assessed by size exclusion chromatography. Degradation was done in
the presence of EDTA (Figure 5.2A) or without EDTA (Figure 5.2B), a chelator that se-
questers trace metals capable of oxidizing free sulfhydryls to disulfide bonds. The mass
fraction of the degraded products was calculated by determining the area under the cor-

responding peaks. Figure 5.2A indicated that reduction of the disulfide bonds proceeded
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Table 5.1: Properties of HPMA-oligolysine copolymers

polymer targeted determined M, /M,* mol mmol 1Cs0 1Cs0 1Cs0

M, (kD) M, (kD)? % Kjo amine/g (rglys/mL)® (kg lys/mi)d (kg lys/mL)®

monomerb polymer

Polymer synthesized by free radical polymerization

HPMA-AhxK;g 78.0 168.4 2.24 12.0 0.00713 0.114* 0.128* 0.0901*
Polymers synthesized by RAFT polymerization

HPMA-AhxKjg 78.0 77.6 1.18 19.6 4.83 9.67* 8.23* 12.16*
HPMA-AedpK;p  79.5 80.2 1.11 19.4 4.79 13.03* 12.24%* 12.25%
1:1 (w/w) mixture - - - - - 12.24%* 10.54* 12.25%*
bPEI (25kD) - - - - 23.22 1.85%* 1.57%* 1.45%*
PLL (12-24kD) - - - - 4.51 0.70%* 0.72%* 0.75%*

2Values determined by GPC coupled with laser light scattering, and dRI detection. PMol% of
oligo-L-lysine and mmol amine/g polymer determined by amino acid analysis. ©ICsg values
determined using NTH/3T3 cells. d1C5y values determined using CHO-K1 cells. ©¢ICso values
determined using HeLa cells. “Values were adjusted to lysine equivalent. **Values were adjusted to
amine equivalent and ICso values are in pg amine/mL.

quickly. At 15min, the copolymer was 80.2% degraded and by 2h, the polymer was 99.3%
degraded. When EDTA was present, treatment with TCEP resulted in the generation of
degraded copolymer and free oligolysine. However, when EDTA was not present, a high
molecular weight fraction was also generated, the degraded copolymer appeared less uni-

form, and at least a portion of oligolysine appeared to dimerize.

5.8.83 Polyplex stability

Dynamic light scattering was used to measure the effective hydrodynamic diameter of
HPMA-AhxK;9p and HPMA-AedpKjo polyplexes at N/P ratios of 3, 5, and 10 in water,
150mM PBS, and complete cell medium (DMEM + 10% FBS). Polyplexes of HPMA-
AhxK;g formed small particles in water (150-186 nm), and particle size at N/P of 5 and 10
remained stable against salt-induced aggregation in 150 mM PBS (Figure 5.3). Polyplexes
of HPMA-AedpKjo formed smaller particles in water (90-100nm) compared to HPMA-
AhxKjyg, but were not salt stable even in the presence of 1mM EDTA (data not shown).
Polyplexes of a 1:1 (w/w) mixture of the non-reducible and reducible polymer formed small
particles in water, similar to that of HPMA-AedpKig, and were relatively salt stable like

HPMA-AhxK;y. All polyplex formulations increased in size to an average hydrodynamic
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Figure 5.2: Degradation of HPMA-AedpK;¢ with TCEP. HPMA-AedpK;y was de-
graded over time in the presence of 25 mM TCEP. Reduced copolymers were applied to a
GPC column to track changes in molecular weight at degradation of the copolymer occurred.
(A) Reduction was done in the presence of EDTA. The insert indicates the mass fraction of
degraded copolymer and free oligolysine. Degraded copolymer eluted between 14 to 17 min,
while free oligolysine eluted from 18 to 20 mi. The insert shows the mass fraction of peptide
and copolymer. Reduction done without EDTA (B) produced three eluted peaks in SEC.
The first is a high molecular weight fraction (9 to 12min), the second peak is degraded
copolymer (14 to 17min), and the third is oligolysine (18 to 20 min).

diameter > 500 nm in 10% serum. These data suggest that although the reducible polymer
does not form salt stable polyplexes, a mixture with non-reducible polymer increases poly-
plex salt stability. However, in the presence of 10% serum particles do not maintain their

small size regardless of polymer composition.
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Figure 5.3: Particle sizing of polyplexes by dynamic light scattering (DLS). The
effective diameter of polyplexes formulated with HPMA-AhxK;9, HPMA-AedpKjg, or a
1:1 (w/w) mixture was determined by DLS in water, PBS with an ionic strength of 150 mM,
and DMEM medium supplemented with 10% FBS. Data are presented as mean + S.D., n
=3.

The stability of HPMA-AhxKi9 and HPMA-AedpK;y polyplexes in the presence of
serum was also assessed by an agarose gel retardation assay. Because serum shows an
intrinsic band similar to free DNA in an agarose gel containing ethidium bromide (data not
shown), a YOYO-1 pre-labeled DNA was used instead. Free DNA incubated with various
concentrations of serum (lanes 1, 5, 9 and 13) show streaking as a result of DNA degradation
(Figure 5.4). HPMA-AedpK;p, HPMA-AhxK;( and a known protease-resistant copolymer,
HPMA-Ahx(D)Kjp, in which all lysines are D-lysines, were able to fully complex plasmid
DNA in the presence of various serum concentrations as shown by the absence of bands

corresponding to free DNA.
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Figure 5.4: Polyplex stability in serum wvia gel retardation assay. Polyplexes com-
plexed with YOYO-1-labeled plasmid DNA and either HPMA-AedpKi9, HPMA-AhxKj, or
HPMA-Ahx(d)Kjyp were incubated with various concentrations of serum (50%, 25%, 10%).
Free DNA (plasmid DNA not complexed with polymer) was used as a control.

5.3.4 Delivery of plasmid DNA to cultured cells

Polyplex transfection efficiency was determined by delivery of a luciferase plasmid, pCMV-

Luc2, to cells in serum-free and serum-containing (10% FBS) conditions. For comparison

against commonly used polymeric reagents, branched PEI (bPEI, 25kD) and poly-L-lysine

(PLL, 12-24kD) polyplexes were also evaluated. Transfection was also conducted with

HPMA-AhxK;( synthesized by free radical polymerization (Figure 5.5). Polyplexes were
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formed at N/P (nitrogen to phosphate) ratios of 3, 5, and 10, and evaluated for transfec-
tion efficiency under serum-free conditions in NIH/3T3, CHO-K1, and HeLa cells (Figure
5.6). N/P5 was determined to be optimal for high transfection efficiency and low cytotoxi-
city; therefore, the rest of the studies were completed with polyplexes formulated at N/P 5.
HPMA-AhxK;( transfected more efficiently than poly-L-lysine (PLL, 12-24kD) in all cell
lines (Figure 5.7A). The luciferase activity of cells transfected with HPMA-AedpK;o was
decreased by at least one order of magnitude compared to its non-reducible analog in all
cell types and showed very similar activity to PLL. When the two polymers were mixed
prior to polyplex formation and applied to cells, the resulting transfection efficiencies were
intermediate between those of the individual polymers in all tested cell types. These results
suggest that while HPMA-AedpKjy is poor at transfection, a 1:1 (w/w) mixture of HPMA-
AhxKig and HPMA-AedpKig can improve transfection efficiency. The HPMA copolymers
were also evaluated for transfection efficiency in the presence of 10% serum (Figure 5.8).
Transfection efficiency of all polymer formulations was decreased under serum conditions.
In addition, transfection of HPMA-AhxK;g synthesized via RAFT had very similar trans-

fection efficiency to HPMA-AhxKyy synthesized by free radical polymerization.

5.8.5 Polymer toxicity

Cytotoxicity of polyplexes and polymers was determined by the BCA and MTS assay, re-
spectively. The BCA assay was conducted 48 h after transfection to determine the amount
of total cellular protein in lysates of transfected cells. Untreated cells were used to deter-
mine 100% cell viability. Again, cytotoxicity of HPMA-AhxK;y synthesized by free radical
polymerization was also determined as a comparison. Polyplexes of HPMA-AhxKig and
HPMA-AedpK;g, formulated at N/P 5, were nontoxic to NIH/3T3 cells. HPMA-AhxKjg
decreased cell viability to 74.6% in CHO-K1 cells and 52.1% in HeLa cells (Figure 4b). A
mixture of HPMA-AhxK;9 and HPMA-AedpKig reduced the toxicity of HPMA-AhxKq
alone. In comparison, PLL was very toxic to all cell types, decreasing cell viability to 43.8%
in NTH/3T3 cells, 29.6% in CHO-K1 cells, and 48.8% in HeLa cells. PEI was relatively

non-toxic for all cell types.
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Figure 5.5: Transfection and cell viability of free radical and RAFT HPMA
copolymers in HeLa cells. (A) Transfection efficiency and cell viability of HPMA-
AhxKjp copolymers in HeLa cells. Cells were treated with polyplexes at N/P of 3, 5 and
10 in serum-free conditions for 4 h. Luciferase activity was measured 48 h after transfection
and normalized to total protein content in each sample. (B) Toxicity of the polyplexes
was determined by measuring total protein content and designating untreated cells as 100%
viable. Untreated: untreated controls; RAFT: HPMA-AhxK;q synthesized by RAFT poly-
merization; and free radical: HPMA-AhxK;y synthesized by free radical polymerization.
Data are presented as mean + S.D., n = 3.
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Figure 5.6: Transfection efficiency and cell viability of HPM A-oligolysine copoly-
mers in 3 cell types. (A) NIH/3T3, (B) CHO-K1, and (C) HeLa cells were treated
with polyplexes at N/P of 3, 5 and 10 in serum-free media for 4h. Luciferase activity was
measured 48 h after transfection and normalized to total protein content in each sample.
Toxicity of the polyplexes in (D) NIH/3T3, (E) CHO-K1, and (F) HeLa cells was deter-
mined by measuring total protein content and designating untreated cells as 100% viable.
Cells: untreated controls; bPEI: branched polyethylenimine (25kD); PLL: poly-L-lysine
(12-24kD); Mized copolymers: 1:1 (v/v) mixture of HPMA-AhxK;y and HPMA-AedpKjp.
DTNB stands for 5,5-dithiobis-(2-nitrobenzoic acid). Data are presented as mean + S.D.,
n = 4.

To determine the ICgy values of the polymers (concentration of polymers for 50% cell
survival), cells were treated with a range of polymer concentrations in serum-free condi-
tions to simulate transfection conditions. The MTS assay was used to assess the mito-

chondrial activity, an indicator of cell viability. Untreated cells were used to determine
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Figure 5.7: Transfection and cell viability of HPMA copolymers in HeLa,
NIH/3T3, and CHO-K1 cells. (A) Transfection efficiency of HPMA copolymers in
HeLa, NIH/3T3, and CHO-K1. Polyplexes (N/P5) of copolymer and luciferase-encoding
plasmid DNA were incubated with cells for 4h in serum-free conditions. Luciferase activ-
ity was measured 48 h after transfection and normalized to total protein content in each
sample. Cells: untreated controls; bPEI: branched polyethylenimine (25kD); PLL: poly-
L-lysine (12-24kD); S: HPMA-AhxK;o; R: HPMA-AedpKio; S/R: 1:1(v/v) mixture of
HPMA-AhxK;y and HPMA-AedpK;g. (B) Polyplex cytotoxicity in HeLa, NIH/3T3, and
CHO-K1. Toxicity of the polyplexes was determined by measuring total protein content
and designating untreated cells as 100% viable. Data are presented as mean + S.D., n =
4, (*) p < 0.05, as determined by two-tailed Student’s ¢-test.
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Figure 5.8: Transfection efficiency and cell viability of HPMA-oligolysine copoly-
mers in 3 cell types in serum-free and 10% serum media. (A) NIH/3T3, (B)
CHO-K1, and (C) HeLa cells were treated with polyplexes at N/P 5 in serum-free media or
in 10% serum for 4 h. Luciferase activity was measured 48 h after transfection and normal-
ized to total protein content in each sample. Toxicity of the polyplexes in (D) NIH/3T3, (E)
CHO-K1, and (F) HeLa cells was determined by measuring total protein content and desig-
nating untreated cells as 100% viable. Untreated: untreated controls; Ahx: HPMA-AhxK;;
and Aedp: HPMA-AedpKio. Data are presented as mean + S.D., n = 3.

100% cell viability. The IC5q values of both HPMA-AhxK; g and HPMA-AedpK;( copoly-
mers were higher than both bPEI (IC59 = 1.45-1.85 kg amine/mr) and PLL (~0.7 #g amine/my, )
for all cell types tested (NIH/3T3, CHO-K1, HeLa) (Table 1). HPMA-AedpKj (13.0-
20.2 ne lysine/m1,) was slightly less toxic than HPMA-AhxKjg (8.2-12.2 s lysine/mL) for all cell
types, and a mixture of the two copolymers in a 1:1 (w/w) ratio resulted in decreased tox-
icity in NIH/3T3 (12.2 ug lysine/mp) and CHO-K1 (10.5 #& lysine/mL) cells, but not in HeLa

cells (12.3 pg lysine/mr). HPMA-AhxKj( synthesized by free radical polymerization was more
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toxic than HPMA-AhxK;g synthesized by RAFT polymerization in all cell types.

5.3.6  Cellular uptake and transfection of polyplexes incubated with DTNB

Redox proteins such as thioredoxin reductase and protein disulfide isomerase can reduce thi-
ols at the cell surface [29, 30]; additionally, some cell types such as HeLa cells have been found
to secrete thiols into the extracellular space [31]. To determine if the decrease in transfection
efficiency in HeLa cells was due to the presence of extracellular thiols that may prematurely
destabilize polyplexes, cells were pretreated with 5mM 5,5-dithiobis-(2-nitrobenzoic acid)
(DTNB), a cell-impermeable chemical that reacts with free thiols. Polyplexes of plasmid
DNA labeled with TOTO-3 were then incubated with HeLa cells for 30 min with or without
DTNB and cellular uptake was assessed by flow cytometry. Because the quantum yield
of TOTO-3 in polyplexes is sensitive to the packaging state of the plasmid, the fluores-
cence of TOTO-3-labeled plasmid complexed with HPMA-AhxK;y and HPMA-AedpKig
was measured and confirmed to be similar in both formulations (Figure 5.9). Plasmid up-
take was significantly lower from transfection with HPMA-AedpKig polyplexes and mixed
polyplexes compared to HPMA-AhxKj( polyplexes (Figure 5.10) although nearly all cells
(97-99%) were positive for fluorescence (data not shown). When cells were treated with
polyplexes in the presence of 5mM DTNB, uptake of HPMA-AedpKig polyplexes was still
significantly less than uptake of its non-reducible analog; however, the decreased uptake
was less drastic. Polyplexes of a 1:1 (w/w) mixture of the two polymers were taken up by
cells more efficiently than reducible polymer alone. To confirm these results, transfection
efficiency PLL, PEI, HPMA-AhxK;o and HPMA-AedpK;o to NIH/3T3, CHO-K1 and HeLa
cells was also evaluated in the presence of DTNB. With DTNB treatment, transfection with
the reducible material remained less efficient than with the non-reducible material in all cell
types tested (Figure 5.11), demonstrating that blocking extracellular thiols does not restore

transfection efficiency of the reducible material.
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5.8.7 Delivery of plasmid DNA to cultured cells with EDTA treatment

Since reduced HPMA-AedpK;p was shown to crosslink in the absence of EDTA (Figure
5.2B), we investigated the possibility that polymer oxidation by trace metals adversely af-
fected transfection efficiency of these materials. To minimize metal-catalyzed redox/oxidation
processes, cells were transfected with polyplexes in the presence of 1mM EDTA. Again,
HPMA-AedpKjp showed diminished ability to transfect NIH/3T3 and HeLa cells (Fig-
ure 5.12). However, the difference in transfection efficiency between HPMA-AhxK;y and
HPMA-AedpK;iy was much less when transfections were conducted with 1 mM EDTA. In
the absence of EDTA, luciferase expression in HPMA-AedpKg-transfected cells was 193-
fold, 14-fold, and 17-fold lower than HPMA-AhxK;o-transfected cells in HeLa, NIH/3T3,
and CHO-K1 cells, respectively. However, with only 1mM EDTA, luciferase expression
in HPMA-AedpKg-transfected cells was 9-fold, 4.8-fold, and 0.6-fold lower than HPMA-
AhxKjo-transfected cells in HeLa, NIH/3T3, and CHO-K1 cells, respectively. In addition,
the mixed copolymer formulation restored transfection efficiency to the efficiency levels of

HPMA-AhxKg.
5.4 Discussion

The incorporation of reducible moieties into cationic polymers for nucleic acid delivery has

been shown as a viable method for introducing environmentally-responsive degradability.
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Figure 5.10: Uptake of polyplexes in HeLa cells treated with DTNB. Luciferase
plasmid DNA was labeled with TOTO-3 prior to complexation with HPMA copolymers
(HPMA-AhxK;9, HPMA-AedpKip, or a 1:1 (w/w) mixture). HeLa cells pretreated with or
without 5mM DTNB in serum-free media for 1 h prior to transfection and then incubated
with polyplexes for 30 min in serum-free media with or without 5mM DTNB. Polyplex
uptake was assessed by flow cytometry. DTNB stands for 5,5-dithiobis-(2-nitrobenzoic
acid). Data are presented as mean + S.D., n = 3, (*) p < 0.05, as determined by two-tailed
Student’s t-test.

In particular, use of disulfide bonds is attractive because of their relative stability in the
extracellular environment; however, disulfide bonds can be destabilized in the presence of
high concentrations of reductive intracellular agents, e.g. glutathione, which is 50-1000
times (in human liver, up to 10 mM) more concentrated in the cytosol than in the extra-
cellular space [32]. We hypothesized that incorporating a disulfide linkage between the
pendant oligolysine peptides and the HPMA backbone would facilitate the release of DNA

from polyplexes while also limiting toxicity of the cationic polymer. We have previously
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Figure 5.11: Transfection efficiency and cell viability of cells treated with DTNB.
(A) NIH/3T3, (B) CHO-K1, and (C) HeLa cells were pretreated with or without 5mM
DTNB in serum-free media for 1h prior to transfection. Polyplexes (N/P5) of copoly-
mer and luciferase-encoding plasmid DNA were incubated with cells for 4h in serum-free
media with 5mM DTNB. Luciferase activity was measured 48h after transfection and
normalized to total protein content in each sample. Toxicity of the polyplexes in (D)
NIH/3T3, (E) CHO-K1, and (F) HeLa cells was determined by measuring total protein
content and designating untreated cells as 100% viable. Cells: untreated controls; PFEI:
branched polyethylenimine (25kD); PLL: poly-L-lysine (12-24kD); Ahzx: HPMA-AhxK;g;
Aedp: HPMA-AedpKjg. DTNB stands for 5,5-dithiobis-(2-nitrobenzoic acid). Data are
presented as mean + S.D., n = 4, (*) p < 0.05, as determined by two-tailed Student’s
t-test.
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Figure 5.12: Transfection efficiency of HPMA copolymers in HeLa, CHO-K1,
and NIH/3T3 in the presence of 1 mM EDTA. Polyplexes (N/P5) of copolymer and
luciferase-encoding plasmid DNA were incubated with cells for 4h with 1mM EDTA in
serum-free conditions. Luciferase activity was measured 48 h after transfection and normal-
ized to total protein content in each sample. Untreated: untreated controls; Mized copoly-
mers: 1:1 (w/w) mixture of HPMA-AhxK;y and HPMA-AedpK;o. Data are presented as
mean + S.D., n = 3, (*) p < 0.05, as determined by two-tailed Student’s ¢-test.

demonstrated that monomers of HPMA and oligolysine bearing an AEDP linker can be
copolymerized via free radical polymerization, and that these copolymers were less toxic
than their non-reducible counterpart [21]. Here, reducible and non-reducible analogues
of HPMA-oligolysine copolymers were synthesized by RAFT polymerization. The result-
ing two polymers had similar molecular weights and peptide compositions. Surprisingly,
aside from reduced cytotoxicity, the reducible HPMA-AedpK;g polymer showed less attrac-
tive plasmid delivery properties compared to the non-reducible HPMA-AhxK;y polymer.
Specifically, polyplexes formed from HPMA-AedpK;o were less salt stable, facilitated less

plasmid uptake, and provided lower transfection efficiencies to three cultured cell lines.
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First, HPMA-AhxKy polymers synthesized by both free radical and RAFT polymeriza-
tion were directly compared. RAFT polymerized polymers had controlled composition and
molecular weight (19.6% K79 monomer incorporation, 77.6 kD) and were more homogenous,
with polydispersities of 1.1-1.2 (Table 5.1). In contrast, HPMA-AhxK;, synthesized via
free radical polymerization had low incorporation of K;p monomer (12%), high molecular
weight (168.4kD), and high polydispersity (2.2). Previous reports of polymers synthesized
by free radical polymerization show similarly polydisperse materials [21, 33]. The transfec-
tion efficiency of these polymers were evaluated at N/P 3, 5, and 10 in HeLa cells using
the target mass to charge ratios to calculate N/P ratios (Figure 5.5). Both polymers had
similar transfection efficiencies; however, the ICsq values for the free radical polymer were
much lower than those for the RAFT polymer. We have previously shown that cytotoxicity
of HPMA-co-oligolysine polymers increases with increasing molecular weight [27]. The high
molecular weight fraction of the polydisperse HPMA-AhxKyy synthesized via free radical
polymerization is likely responsible for the observed toxicity. Therefore, HPMA-AhxKq
synthesized by RAFT polymerization results in more controlled and well-defined polymers
with reduced cytotoxicity.

The ability for polyplexes to remain stable in physiological salt conditions is an impor-
tant attribute for systemic delivery. We showed both previously and in this manuscript
that polyplexes formulated with HPMA-AhxK; are salt stable (Figure 5.3). Salt-induced
increases in the particle size of polyplexes results from a disruption of the electrical dou-
ble layer caused by the addition of counter ions. Several studies have demonstrated that
incorporation of a hydrophilic but uncharged polymer, such as PEG, prevents floccula-
tion through steric repulsion even after the electrical double layer has been disrupted by
salts [34]. In this context, HPMA monomers were included as the backbone of both HPMA-
AedpKi9 and HPMA-AhxK;g copolymers to stabilize polyplexes in physiological conditions.
However, polyplexes formed in the presence of 10% serum increased in size to > 500 nm
regardless of polymer type and composition. Despite this increase in size, polyplexes in the
presence of serum remain intact. Gel electrophoresis of polyplexes confirm that polyplexes
were retained in the well, unlike free DNA that migrated and was degraded in the presence

of serum (Figure 5.4). However, the fluorescence intensity of polplexes in the well increased



155

with increasing serum content. Since the YOYO-1 intercalating dye is quenched by inter-
molecular electronic interactions when plasmid DNA is condensed, this indicates that the
polyplexes are loosened in the presence of serum. Interestingly, increasing N/P ratios re-
sulted in the largest effective diameters, possibly due to interaction between excess polymer
and serum proteins (Figure 5.3). Reduced transfection efficiency of these polymers in serum
(Figure 5.8A-C) may be due to the inability of the excess polymer to mediate transfection,
which has been shown to be important for efficient transfection [35, 36]. Polyplex toxicity
was also reduced under serum conditions (Figure 5.8C-F), which further suggests that free
polymer may be neutralized by serum proteins.

Multiple groups have reported that the incorporation of disulfide linkages does not af-
fect polyplex stability in salt [8]. However, unlike HPMA-AhxK;y polyplexes, polyplexes
formed with HPMA-AedpK;y were not salt stable. Particle size of the polyplexes increased
from relatively small particles that were below 100 nm in water to particles with much
larger effective diameters (Figure 5.3). Differences in stability between HPMA-AedpKiq
and HPMA-AhxK;y polyplexes may be attributed to the increased concentration of disul-
fide bonds [37]. The more hydrophobic HPMA-AedpK;o polymers may render the resulting
polyplex more prone to flocculation from van der Waals attraction forces. Salt-induced
flocculation of polyplexes formulated with HPMA-AedpKig copolymers may also indicate
premature degradation of disulfide bonds in the AEDP linkers leading to intermolecular
crosslinking or even loss of HPMA from the polyplex surface. Degradation of disulfide
bonds can spontaneously occur through direct attack of the disulfide bond by hydroxyl an-
ions or by a- and f-elimination reactions at neutral and basic conditions [38]. Also, it has
been shown that spontaneous reduction of a single disulfide bond in proteins with several
disulfide bonds can trigger other intermolecular reducing reactions, disrupting protein sta-
bility [39, 40]. In a similar manner, degradation of a disulfide bond in a polyplex formulated
with HPMA-AedpKig copolymers could potentially lead to a chain-reduction of proximal
disulfide bonds, which would have high local concentrations within a polyplex. Pichon and
coworkers showed by TEM using their disulfide bond-containing poly[Lys-AEDTP] mate-
rials that particle fusion, hypothesized to result from intermolecular crosslinking, occurs

quickly after polymer reduction followed by polyplex decomplexation [41]. However, it
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should be noted that with our materials, particle flocculation in salt was not mitigated by
addition of EDTA to prevent metal-catalyzed oxidation.

Polyplexes of the reducible polymer HPMA-AedpKig did not transfect cells as well as
its non-reducible analog, HPMA-AhxKj(, but transfected similarly to PLL (Figure 5.7A).
However, the reducible polymer was relatively non-toxic compared to the non-reducible
polymer in HeLa and CHO-K1 cells, and PLL in all cell types tested (Figure 5.7B). These
results show that the toxicity profile of the HPMA-oligolysine is improved by incorporating
a disulfide linkage. At higher N/P ratios transfection efficiency with HPMA-AedpKjy mate-
rials can approach that of HPMA-AhxK;( (Figure 5.6). Increases of transfection at elevated
charge ratios have been attributed to increased concentrations of free cationic polymer by
promoting release of polyplexes from the endosomes and lysosomes [35].

Previous reports have identified that extracellular reduction can affect the uptake of
disulfide-containing cationic peptides [42] or polymers [31]. To investigate if decreased trans-
fection efficiency of HPMA-AedpKiy was due to premature extracellular reduction, cellular
uptake of HPMA-AhxK; ¢y and HPMA-AedpKig polyplexes in HeLa cells in the presence of
the cell-impermeable reagent DTNB was assessed by flow cytometry. DTNB has been used
previously to block reductive effects of free extracellular thiols [6]. Cellular uptake of poly-
plexes formulated with HPMA-AhxK;y, HPMA-AedpKjg, or a 1:1 (w/w) mixture of both
copolymers reflected similar trends to those observed in transfection studies (Figure 5.10).
DTNB treatment reduced uptake of all polyplexes, but showed similar trends as the uptake
study completed without DTNB. Similarly, transfection with HPMA-AedpKjy polyplexes
did not improve with DTNB (Figure 5.11). These results suggest that extracellular reduc-
tion of HPMA-AedpKi( by free thiols is not the major cause of decreased cellular uptake
of the reducible polyplexes, and decreased cellular uptake may be caused by an alternative
mechanism.

In instances where HPMA-AedpK;y was dissolved as a stock solution and then stored at
4 °C for longer than 2 weeks, a higher molecular weight fraction was observed by GPC anal-
ysis (data not shown). A similar observation was also made when degradation studies using
25mM TCEP to reduce HPMA-AedpKig copolymer was done without EDTA. These ob-

servations indicate that metal-catalyzed oxidation of free sulthydryls influences the material
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properties through nonspecific crosslinking of HPMA-AedpK;y copolymers. To control the
effects of metal-catalyzed oxidation of free sulhydryl groups, transfections were done with
fresh stock solutions of HMPA-AedpKy and transfections were also done in the presence
of EDTA. Treatment of cells with EDTA increased transfections in some instances (Figure
5.12). One possible explanation is that oxidation of degraded HPMA-AedpKy copolymers
could effectively cage proximal DNA, preventing its release from the polyplex and thereby
limit the transfection efficiency of the materials. A study by Christensen and cowork-
ers also demonstrated that diminished transfection efficiency of poly(amido ethyleneamine)
that correlated with increased branching and disulfide content [43]. Furthermore, Miyata
and coworkers also demonstrated that diminished transfection efficiency was observed at el-
evated disulfide crosslinkers in reducible PLL-PEI materials [37]. It may also be possible to
achieve higher transfection efficiencies at higher N /P ratios. Wang and coworkers show that
reducible linear cationic polymers prepared by click chemistry transfected better than their
non-reducible counterparts, but at N/P ratios of 15 and higher [44]. Similar trends were
observed for other polymer systems [25, 45]. For most practical applications in nucleic acid
delivery, use of reducible materials requires greater stability that that presented by HPMA-
AedpKig. Improvements in polyplex stability were observed when mixtures of reducing
and non-reducing HPMA-oligolysine copolymers were used. The polyplexes demonstrated
improved salt stability, increased transfection efficiency, and were non-toxic at charge ratios
tested. This formulation may prevent premature reduction of disulfide bonds and limit
unwanted oxidation from occurring by spatial separation and/or steric hindrance. Alterna-
tively, disulfide linkages have been stabilized by adding methyl groups [46] and/or benzene
rings [45] around the disulfide bond in order to sterically hinder premature reduction before
reaching the cytosol.

In summary, we describe the controlled synthesis of a reducible HPMA-oligolysine copoly-
mer and evaluate the transfection efficiency of this polymer and its non-reducible counter-
part in multiple cell lines. The reducible polymer was tolerated better than the non-reducible
polymer but also showed lower transfection efficiency in cultured cells. Elimination of extra-
cellular thiols did not restore transfection efficiency, indicating that premature extracellular

reduction is not the primary cause of decreased transfection. However, stability of the
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reducible polymer was improved with the addition of EDTA. In addition, a mixed formu-
lation of reducible and non-reducible copolymers was able to partially restore transfection
efficiency over that of the reducible polymer alone and maintain low toxicity. Chemical
modifications to stabilize the disulfide bond may be explored to apply this polymer system

1 Vivo.
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Chapter 6

INFLUENCE OF HISTIDINE INCORPORATION ON BUFFER
CAPACITY AND GENE TRANSFECTION EFFICIENCY OF
HPMA-CO-OLIGOLYSINE BRUSH POLYMERS

Julie Shi, Joan G. Schellinger, Russell N. Johnson, Jennifer L. Choi, Brian Chou,
Ersilia L. Anghel, and Suzie H. Pun

Abstract

One of the major intracellular barriers to non-viral gene delivery is efficient endosomal es-
cape. The incorporation of histidine residues into polymeric constructs has been found to
increase endosomal escape via the proton sponge effect. Statistical and diblock copoly-
mers of N-(2-hydroxypropyl)methacrylamide (HPMA), oligolysine, and oligohistidine were
synthesized via reversible-addition fragmentation chain transfer (RAFT) polymerization,
and tested for in wvitro transfection efficiency, buffering ability, and polyplex uptake mech-
anism wvia the use of chemical endocytic inhibitors. Interestingly, histidine-containing sta-
tistical and diblock polymers exhibited increased buffer capacity in different endosomal pH
ranges. Statistical copolymers transfected better than block copolymers that contained sim-
ilar amounts of histidine. In addition, only the polymer containing the highest incorporation
of oligohistidine residues led to increases in transfection efficiency over the HPMA-oligolysine
base polymer. Thus, for these polymer architectures, high histidine incorporation may be
required for efficient endosomal escape. Furthermore, uptake studies indicate that non-
acidified caveolae-mediated endocytosis may be the primary route of transfection for these
copolymers, suggesting that alternative approaches for increasing endosomal escape may be

beneficial for enhancing transfection efficiency with these HPMA-oligolysine copolymers.!

!Reproduced with permission from Shi, J., et al. Biomacromolecules, 14, 1961-70. Copyright© 2013
American Chemical Society.
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6.1 Introduction

Non-viral vectors, such as lipids and polymers, have been used frequently for the delivery of
nucleic acids because of their ease of use in vitro and improved safety profiles in vivo over
viral vectors [1]. However, transfection efficiencies from these systems are generally lower
than their viral counterparts. Non-viral vectors have achieved limited success in gene deliv-
ery because of multiple intracellular barriers [1, 2]. In particular, one of the major barriers
to efficient non-viral gene delivery is trapping of internalized particles in endo/lysosomal
compartments [3, 4]. One proposed mechanism for endosomal release of polymers is the
proton sponge effect whereby polymers that buffer within the pH range of 5-7 facilitate an
osmotic swelling of endosomes that leads to content release [5]. A commonly used cationic
polymer, branched polyethylenimine (bPEI), is composed of repeating monomers containing
weakly basic amines to facilitate the proton sponge effect. PEI is hypothesized to achieve

high transfection efficiencies due to its ability to escape endosomal compartments [6].

Several reports have studied the use of histidine-based materials as gene carriers since
the imidazole ring is a weak base with pK, ~6 [7, 8]. These studies have shown that
the incorporation of histidine into polymeric gene delivery vehicles increases the endosomal
buffering capacity of the polymer, improving the efficiency of endosomal escape [9, 10]. For
example, poly(L-lysine) (PLL) grafted with 18-mer of poly(L-histidine) residues resulted
in increased transfection efficiency over PLL alone [11]. Branched polymers consisting of a
lysine core and lysine-histidine peptide branches also showed increased transfection efficiency
with higher histidine content [12]. Other chemical gene delivery vectors modified with

histidine or imidazole have been extensively reviewed elsewhere [8].

We have previously shown that statistical copolymers of N-(2-hydroxypropyl)methacryl-
amide (HPMA), oligo(L-lysine), and oligo(L-histidine) can be synthesized wvia reversible
addition-fragmentation chain transfer (RAFT) polymerization [13]. The use of living rad-
ical polymerization techniques, such as RAFT polymerization, has been gaining in popu-
larity in gene transfer applications due to the ability to synthesize narrowly-disperse, well-
defined polymers [14, 15]. Recently, optimized formulations of HPMA-oligolysine copoly-
mers showed transfection efficiencies almost as high as those of bPEI even though the HPMA
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copolymers did not contain a moiety for endosomal escape [16].

Previous reports have demonstrated that various polymer architectures significantly af-
fect transfection efficiency and cellular toxicity [17-20]. The objective of this study is to
further improve the gene delivery ability of HPMA-oligolysine copolymers through the incor-
poration of histidine moieties. In this work, several statistical or block brush-like copolymers
were synthesized with varying percentages of histidine-containing peptides. Evaluation of
these materials included investigation of buffering capacity, mechanism of cellular uptake

and transfection efficiency, and toxicity profiles to cultured cells.

6.2 DMaterials and methods

6.2.1 Materials

N-(2-hydroxypropyl)methacrylamide (HPMA) was purchased from Polysciences (Warring-
ton, PA). The initiator VA-044 was purchased from Wako Chemicals USA (Richmond,
VA). Chain transfer agent ethyl cyanovaleric trithiocarbonate (ECT) was a generous gift
from Dr. Anthony Convertine (University of Washington). Rink amide resin was pur-
chased from Merck Chemical Int. (Darmstadt, Germany). HBTU, Fmoc-protected lysine,
and Trt-protected histidine were purchased from Aapptec (Louisville, KY). All cell culture
reagents were purchased from Cellgro/Mediatech (Fisher Scientific, Pittsburgh, PA). All
other materials, including poly(ethylenimine) (PEI, 25,000 8/mol, branched), poly(L-lysine)
(PLL, 12,000 24,000 &/mol), chlorpromazine hydrochloride, genistein (synthetic), amiloride
hydrochloride, bafilomycin Ay, and chloroquine disphosphate salt were reagent grade or
better and were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise stated.
Endotoxin-free plasmid pCMV-Luc2 was prepared by using the pGL4.10 vector (Promega,
Madison, WI) and inserting the CMV promoter/intron region from the gWiz Luciferase
(Aldevron, Madison, WI). The plasmid was isolated and produced with the Qiagen Plasmid

Giga kit (Qiagen, Germany) according to the manufacturers instructions.
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6.2.2 Synthesis of peptide monomers

Oligo(L-lysine) (Ki2 and Kjp) and oligo(L-histidine) (K¢Hs and KsHs) peptide monomers
were synthesized on a solid support of Rink amide resin (100-200 mesh) via standard
Fmoc/tBu chemistry on an automated peptide synthesizer. Prior to cleavage, peptide
monomers were modified with Fmoc-protected 1-aminohexanoic acid (Ahx) or Fmoc-protected
cysteine. To provide methacrylamido functionality, peptides were capped with methacry-
loyl chloride [21] or coupled with N-succinimidyl methacrylate. The solid support was
then rinsed with DMF, DCM, and methanol, and allowed to dry overnight prior peptide
cleavage. Methacrylamido-functionalized AhxKyy, AhxK;s, AhxKgHs, and AhxKsHs pep-
tides (termed MaAhxK;o, MaAhxKjo, MaAhxKgHs, and MaAhxKsHs, respectively) were
cleaved off the resin by treating the solid support with TFA /triisopropylsilane (TIPS)/1,3
dimethoxybenzene (DMB) (92.5:2.5:5, v/v/v) for 3h under gentle mixing. Cys-KsHs (CK5Hs)
was cleaved from resin by treating the solid support with TFA/DMB/TIPS/EDT (90.5:2.5:2.5,
v/v/v/v). Cleaved peptide monomers were precipitated in cold ether, dissolved in methanol,
re-precipitated in cold ether, dissolved in water, and then lyophilized to obtain a fluffy, white
solid. Peptide monomer purity and composition was determined via RP-HPLC and MALDI-
TOF MS, respectively. Peptides were determined to be > 90% pure by RP-HPLC after
peptide cleavage and used in polymerization reactions as is. MALDI-TOF MS was deter-
mined for the following peptides: MaAhxKi2 (MH™) calculated [1736.54], found [1736.364];
MaAhxK;jg (MHT) calculated [1479.98], found [1480.026]; MaAhxKgHs (MH™) calculated
[1653.20], found [1653.129]; MaAhxKsH; (MHT) calculated [1525.01], found [1525.351];
CKsH; (MH™) calculated [1446.81], found [1446.79).

6.2.3  Synthesis of statistical HPMA copolymers by RAFT polymerization

Copolymers of HPMA-co-AhxKjs (pSio0), HPMA-co-AhxK;i2-co-AhxKgHs (pSio1 and pSjo2),
HPMA-co-AhxKig (pSpi0), HPMA-co-AhxKjg-co-AhxKsHs (pSpil and pSy;2), or HPMA
were synthesized wia reversible-addition fragmentation chain transfer (RAFT) polymer-
ization as previously described [13], using ethyl cyanovaleric trithiocarbonate (ECT, MW
263.48/mol) [22] as the chain transfer agent (CTA) and VA-044 as the initiator (I). The
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monomers were dissolved and sonicated in acetate buffer (1M in dH>O, pHb5.1) such
that the final monomer concentration was 1M. For pS;,0, pSi,l, and pS2, 26.05mg
(10.66 pmol), 13.02mg (5.33 umol), and 19.54 mg (7.99 umol) of MaAhxK;s, respectively,
and 0 mg, 12.40 mg (6.18 ymol), and 12.40 mg (6.18 pmol) of MaAhxKgHs, respectively, was
used in the polymerization reaction. For pSy;0, pSy;il, and pSy;2, 44.40 mg (21.45 pmol),
38.85mg (18.77 pmol), and 22.20mg (10.72 pmol) of MaAhxKj, respectively, and 0mg,
11.44mg (6.29 pmol), and 45.75 mg (25.14 umol) of MaAhxKsHj, respectively, was used.
The molar ratio of CTA/I was 10, and the DP used was 190. The reaction mixture was
added to a 5 mL reaction vessel in the following order: ECT (100 mg/mL in DMSO), peptide
monomer/HPMA mixture, and VA-044 (10 mg/mL in acetate buffer). The reaction vessels
were then sealed with a rubber septum and purged with No gas for 10 min prior to incuba-
tion in an oil bath (44°C) for 48h. The copolymer solution was then dissolved in water,
dialyzed against dHsO to remove unreacted monomers and buffer salts, lyophilized, and
stored at -20°C. The final yield after dialysis ranged from 58% to 86% of the theoretical

yield.

6.2.4 Synthesis of oligohistidine-grafted diblock copolymers poly[(HPMA-g-CKzHj)-b-(HPMA-
co-AhzKyp)]

The synthesis and characterization of the macroCTA poly(HPMA-co-PDSMA) and di-
block poly[(HPMA-co-PDSMA)-b-(HPMA-co-AhxKjg)] (pB0) was carried out as previously
described [23]. Peptide conjugation to the diblock copolymer to obtain poly[(HPMA-g-
CK5Hj;)-b-(HPMA-co-AhxKyp)] (pB1) was completed as previously reported, but with a
few modifications [23]. In a 10 mL flame-dried pear-shaped flask, 25 mg (0.34 umol poly-
mer, 2.7 yumol PDS groups) of the diblock copolymer was dissolved in 0.9 mL saline buffer
(0.5M NaCl, 20mM HEPES, pH7.1). Afterwards, 9.4mg (6.48 umol, 2.3 equiv. relative
to the diblock copolymer PDS groups) of Cys-K5Hj, dissolved in 1.3 mL saline buffer, was
added to the flask and allowed to stir under argon at room temperature overnight. The
released 2-thio-pyridine was monitored by absorbance at A343nm to determine the extent

of the conjugation reaction. The reaction mixture was passed through a PD-10 desalting
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column to remove unreacted species, and lyophilized.

6.2.5 Polymer characterization

Molecular weight analysis of the copolymers was carried out by gel permeation chromatog-
raphy (GPC) as previously described, using a miniDAWN TREOS light scattering detector
(Wyatt, Santa Barbara, CA) and an Optilab rEX refractive index detector (Wyatt). Ab-
solute molecular weight averages (My and M) and dn/de values were calculated using
ASTRA software (Wyatt). The dn/dc value for each copolymer was 0.133 mL/g. The content
of lysine- and histidine-containing peptides within the HPMA copolymers were determined
by amino acid analysis, using l-amino-2-propanol, lysine, and histidine as standards, as

previously described [16, 23].

6.2.6 Acid-base titration

The buffering capacity of polymers was determined by acid-base titration. Polymer was
dissolved in 15 mL dH5O to yield a 1 mM lysine concentration. For PEI, 1 mM total amine
concentration was used. The pH of the solution was increased to 10.0 with 1 M NaOH, and
then titrated with 0.1 N HCI. Buffer capacity, [, was calculated as previously described [24],

using the following equation:
_ A"411101

f= ApH

where AA,,.; is the change of the moles of acid added. Values were calculated from inter-

polation with a 3'-order polynomial from pH5.1 to 7.4 (GraphPad Prism v.6).

6.2.7 Polyplex formulation and characterization

Stock solutions of polymers and peptides were prepared at 10mg/mL in 0.1X phosphate
buffered saline (PBS), and the pH was adjusted to 6.5 by adding 0.1 N HCl. To formulate
polyplexes, pPCMV-Luc2 plasmid DNA was diluted to 0.1 mg/mL in DNase/RNase-free HoO
and mixed with an equal volume of polymer at desired lysine to DNA phosphate (N/P)
ratios. Polyplexes were then allowed to incubate for 10 min at room temperature. For in

vitro transfections, 20 uL of the polyplex solution (containing 1 ug DNA) was mixed with
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180 b of Opti-MEM medium (Invitrogen). The particle size of the polyplexes was deter-
mined by mixing 20 uL. of the polyplex solution with either 20 uL. of 0.2 um-filtered dH2O
or 20 uLL of 2X PBS. The polyplex solutions were incubated for 15 min at room temperature
prior to particle sizing by dynamic light scattering (DLS) (ZetaPlus, Brookhaven Instru-
ments Corp., Novato, CA). Particle sizing measurements were performed at a wavelength of
659.0 nm with a detection angle of 90° at room temperature, and calculated using the vis-
cosity (0.890 cP) and refractive index (1.330) of water at 25 °C. Particle sizes are expressed
as effective diameters using a log-normal distribution. For ¢ potential measurements, 20 ulL
of polyplexes were formulated with 1 g DNA, incubated for 15 min, diluted with 180 yL
dH>0, and 800 uL. 10 mM NaCl. ( potential was determined using a ZetaSizer Nano ZS
(Malvern Instruments Inc., Southborough, MA) using the Smoluchowsky model for aque-
ous suspensions. Transmission electron microscopy was completed exactly as previously
described [23]. The particle width, length, and aspect ratio (length/width) were measured

and calculated using ImagelJ.

6.2.8 Cell culture

Hela (human cervical carcinoma) and COS-7 (African green monkey kidney fibroblast) cells
were grown in minimum essential medium (MEM) and Dulbeccos modified eagle medium
(DMEM), respectively, supplemented with 10% FBS and 100IU penicillin, 100 #&/mL strep-
tomycin, and 0.25#g/mL amphotericin B. Cells were passaged when they reached ~80%

confluency.

6.2.9 In vitro transfection

HeLa and COS-7 cells were seeded overnight in 24-well plates at a density of 3 x 10 cells
per well (1mL/well) at 37°C, 5% COs. Polyplexes were formulated as described above.
After the polyplexes were formed, 20 uL (containing 1 ug DNA) was mixed with 180 uL
of Opti-MEM medium (Invitrogen). Seeded cells were washed once with PBS and then
treated with 200 uL of polyplexes in Opti-MEM, which was added dropwise on top of the
cells. After a 4h incubation at 37°C, 5% COs in a humidified environment, the cells



170

were washed once again with PBS and incubated in 1 mL of fresh complete medium for an
additional 44h. Cells were harvested and assayed for luciferase expression at 48 h. This
was done by washing cells once with PBS, adding of 200 uL reporter lysis buffer (Promega,
Madison, WI), and then performing one freeze-thaw cycle to complete the lysis of cells.
Lysates were collected and centrifuged at 14,000¢g for 15 min. Luminescence was carried out
following the manufacturer’s instructions (Promega, Madison, WI). Luciferase activity is
reported in relative light units (RLU) normalized by mg protein (RLU/mg), as measured
by a microBCA Protein Assay Kit (Pierce).

6.2.10 In vitro transfection with chemical inhibitors

Stock solutions of genistein (5 mg/mL in DMSO), chlorpromazine (1 mg/mL in DMSO), amiloride
(2.5mgmL), chloroquine (20 mM in water), bafilomycin A; (0.1 mg/mL in DMSO), and fur-
ther diluted to working concentrations in OptiMEM (genistein, 50 #8/mL; chlorpromazine,
10 #g/mL; amiloride, 25#g/mL; chloroquine, 200 uM; bafilomycin A, 150nM), and sterile-
filtered for transfections. For transfection with inhibitors, HeLa and COS-7 cells were
seeded overnight in 24-well plates at a density of 3 x 10* cells per well (1 mL/well) at 37 °C,
5% CO5. Polyplexes were formulated as described above. Cells were washed once with
PBS and pre-treated with one of the chemical inhibitors (in OptiMEM) for 1h at 37°C,
5% COs prior to polyplex transfection. 20 uL of polyplexes were then added to the cells
and incubated for an additional 2h at 37°C, 5% COs. Cells were then washed once with
PBS and incubated with fresh complete media for an additional 46 h. Cells were lysed and

assayed for luciferase expression as described above.

6.2.11 Statistical analysis

The data are represented as the mean and standard deviations. Data were analyzed using
the two-tailed Student’s ¢-test and a p-value of less than or equal to 0.05 was taken as

significant.
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6.3 Results and discussion

6.3.1 Synthesis of HPMA-co-oligolysine-co-oligohistidine polymers

Three sets of HPMA copolymers with varying percentages of oligo(L-lysine) (Kijo or Kjp)
peptide and oligo(L-histidine)-containing peptide (K¢Hs or KsHs) were synthesized wvia
RAFT polymerization (Figure 6.2, Table 6.1). The pS polymers are statistical copolymers
of HPMA, oligo(L-lysine) monomers, and oligo(L-histidine)-containing monomers (Figure
6.2A, molecule 1). The “lo” and “hi” subscripts refers to the peptide incorporation ratio,
where “lo” polymers contain < 3.0 mmol lysine per g polymer and “hi” polymers contain
> 3.0mmol lysine per g polymer. The pB polymers are block copolymers of the aforemen-
tioned monomers synthesized by copolymerizing HPMA and pyridyl disulfide methacry-
lamide (PDSMA) to form one block, and then chain-extending with HPMA and oligo(L-
lysine) monomer to form the second block (pB0, Figure 6.2B, molecule 2). To synthesize
pB1, cysteine-modified K5H5 was grafted onto the first block via disulfide exchange between
the pyridyl disulfide moiety on the polymer and cysteine on the oligo(L-histidine)-containing
peptide (Figure 6.2B, molecule 3). Kjo and KgHs peptides were used in pS, copolymers
as a follow-up to initial studies [13]; however, optimization of oligolysine peptide length in
later studies [16] prompted the synthesis of statistical and diblock HPMA copolymers with
K10 and K5Hs peptides in the pSy; and pB copolymers. Therefore, the pSy; and pB polymer
series will be the focus of this study.

RAFT polymerization of HPMA, oligolysine, and oligohistidine peptide monomers re-
sulted in statistical copolymers with close to target molecular weights (within ~20% of tar-
get My,) and low polydispersity (< 1.2), except for the polymer pSp;2, which had a slightly
higher polydispersity (PD = 1.54) (Figure 6.1). The relatively high polydispersity of pSy;2
may be due to the lower pK, of oligohistidine residues, which can lead to aminolysis of the
trithiocarbonate chain transfer agent during the polymerization reaction [25]. Attempts to
incorporate AhxHs or more AhxKsHs (> 1.4mmol histidine per g polymer) into statistical
polymers led to poor conversion (data not shown), further indicating that this phenomenon
may be occurring. HPMA lysine, and histidine concentration in the copolymers was de-

termined by amino acid analysis; the lysine concentration was approximately 2.4-2.7 mmol
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Table 6.1: Characterization of HPMA-oligolysine-oligohistidine brush polymers

polymer targeted determined M,/M,  mol % mol % mmol K/g mmol H/g
M, (kD) M, (kD) K2 /Ko™ KeHs"/KsHs™ polymer  polymer
monomer monomer

pSI0" 5748 51.27 1.14 6.74 0 2.71 0
PSil”  56.69 48.71 1.20 5.80 0.98 2.46 0.206
pSI2”  64.27 54.22 1.03 5.83 2.62 2.36 0.532
pSH0™  78.01 77.60 1.18 20.0 0 3.78 0
pSwl™  84.73 84.79 1.08 17.6 6.21 3.53 0.530
pSLi2™  105.1 101.8 1.54 9.53 16.32 2.95 1.36
pB0™* 78.0 74.0 1.2 17.0 0 3.61 0

pB1™ - 76.1 1.2 12.37 4.91 3.28 0.533

aPolymers with “lo” lysine incorporation contain "Kjs and KHs peptides, while polymers with
“hi” lysine incorporation contain ~ Ky and KsHjs peptides.

lysine per g polymer for the pSj, series and 3.0-3.8 mmol lysine per g polymer for the pSy;
and pB series, while the histidine concentration ranged from 0.21-1.4 mmol histidine per g

polymer.

6.3.2 Acid-base titration

Incorporation of histidine into polymers can increase the polymer’s ability to buffer in the
endosomal pH range. This strategy allows for endosomal buffering when materials are used
for intracellular delivery. The pSy; and pB copolymers with higher lysine incorporation
were evaluated for buffering capacity using acid-base titration (Figure 6.3A). Lysine-based

polymers were diluted to equal molar lysine concentration (0.1 mM lysine), basified to pH 10
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Figure 6.2: Schematic of statistical and diblock polymer synthesis. (A) RAFT poly-
merization of statistical HPMA polymers containing oligo(L-lysine) and oligo(L-histidine)
peptides (pSj, and pSy; series, Molecule 1). (B) RAFT polymerization of HPMA and
PDSMA, and then chain-extension with HPMA and oligo(L-lysine) to form pB0 (Molecule
2). Disulfide exchange between the pyridyl disulfide on 2 and cysteine-functionalized
oligo(L-histidine) peptides yields pB1 (Molecule 3).
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with 1M NaOH, and subsequently titrated with 0.1 N HCIl. In general, higher histidine
incorporation resulted in greater buffering in the pH range of 5.1-7.4.

We also looked at buffer capacity, 3, as a function of environmental pH. Data obtained
from the acid-base titration were interpolated from pH 5.1 to 7.4 to generate Figures 6.3B-D.
For the pSy; statistical polymers, increasing histidine content only increased buffer capacity
in the lower endosomal pH range (pH5.1-6.6) (Figure 6.3B). In contrast, pB1 had higher
buffer capacity in the upper endosomal pH range (pH 5.6-7.4) than pBO0 (Figure 6.3C), simi-
larly to PEI (Figure 6.3D). PLL exhibited increased buffer capacity near neutral pH. These
results suggest that buffer capacity can be potentially modulated by varying the polymer
architecture of oligohistidine polymers and raises the interesting possibility of more specif-
ically directing location of endosomal release (e.g., early vs. late endosome) by selection
of polymer carrier. Roufa and Midoux reported that the acetylation of the a-amino group
of histidine residues substituted on polylysine resulted in a shift of the pK, to pH 6.0 from
pH 6.9 for the non-acetylated polymer, and that this may have led to decreased transfection
efficiencies of the acetylated polymer [26]. In addition, the difference in buffer capacity may
indicate that histidine residues in block architectures may be more accessible to protonation
than those in statistical architectures.

Increases in buffer capacity at the lower endosomal pH range (pH 3.5-6) were also noted
when increasing amounts of Hiss was grafted onto PAMAM dendrimer derivatives [27].
Furthermore, Hashemi et al. saw significant differences in transfection efficiency between
various configurations of lysine-histidine peptides incorporated into 10 kD PEI [10], indicat-
ing that varying the amino acid sequence can also potentiate the buffer capacity; however,
these differences may be attributed to sequence similarity to naturally-occurring condensing
motifs found in histones than differences in endosomal buffering [28]. Interestingly, Mason
and coworkers showed that cationic amphipathic histidine-rich peptides transfected less ef-
ficiently if the peptide exhibited a low pK, value, which resulted in delayed and insufficient
disruption of endocytic vesicles [29]. Thus, the peptide length and amino acid sequence
may also influence the pK, of the histidine-containing polymers. Furthermore, since endo-
somal escape may be preferred earlier on during the gene transfection process due to the

cytotoxicity of late endosomal/lysosomal proteases [30], lower pK, values may reduce the
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Figure 6.3: Acid-base titration of HPMA-oligolysine-oligohistidine polymers. (A)
Acid-base titration curves of diblock (pB0, pB1), statistical (pSyi0, pSnil, pSni2), and stan-
dard polymers (PEI, PLL). Buffer capacity calculated from interpolation of acid-base titra-
tion curves of (B) pSyi0, pSpil, pSni2, (C) pBO, pB1, and (D) PEI, PLL.

ability of polymer to achieve endosomal escape in a timely manner. These results suggest
that designing polymers that can buffer in the upper endosomal pH range (pH ~6-7.4) can

enhance gene transfection efficiencies while reducing cytotoxicity.
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6.3.3 Polyplex characterization

Polyplex size, surface charge, and morphology were characterized by dynamic light scat-
tering (DLS), ¢ potential, and transmission electron microscopy, respectively. For the pSy;
series, polymers with lower histidine content produced polyplexes of 170-200 nm in hydro-
dynamic diameter in water (Figure 6.4A). In contrast, pBl did not form small particles
in water (353-454nm). All polymers formed stable complexes (< 300nm) at N/P5 in the
presence of both neutral and acidic PBS (pH7.4 and 5.5). All polyplexes (N/P5) also
demonstrated positive ¢ potentials (11-23mV) (Figure 6.4B). The increased ¢ potential of
PShi2 and pB1 over their non-histidylated analogues may be due to the increased display of
histidine residues, which are protonated at lower pH, in the polymer architectures. Trans-
mission electron micrographs showed that pSy; polymers and pB0O formed heterogeneous
populations of spherical, toroidal, and oblong polyplexes, ranging from 15-52nm in width
and 41-111nm in length (Figure 6.5A-D, E-G), while pB1 formed more uniform, spherical
polyplexes, 24-43nm in width and 34-55nm in length (Figure 6.5E-G). Overall, the poly-
plexes had aspect ratios greater than 1 (Figure 6.5H). The discrepancy between the DLS
and TEM results of pB1 polyplexes may be due to particle aggregation that could occur
with the block polymer architecture in water, resulting in larger hydrodynamic sizes, as

evidenced by TEM.

6.3.4 Delivery of plasmid DNA to cultured cells

The ability of the HPMA-peptide copolymers to transfect cultured HeLa cells was assessed
in comparison to PLL and PEI polyplexes in serum-free and 10% serum-containing condi-
tions. Protein content, as measured by the BCA assay, was used as an indicator for polyplex
cytotoxicity. Under serum-free conditions, we demonstrated that N/P 5 generally provided
the highest transfection efficiency for our HPMA-peptide copolymers, and at higher N/P
ratios (Figure 6.6A), cytotoxicity was observed in some formulations (Figure 6.6B). Overall
transfection efficiency of the pSj, copolymers was low, although in general, higher incor-
poration of oligohistidine residues led to slight increases in transfection efficiency. Despite

these trends, increases were not statistically significant. The pSy; and pB copolymers, which
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contained higher lysine content, transfected better than the pSj, copolymers (Figure 6.7A)
but were also more cytotoxic (Figure 6.7B). The incorporation of 0.53 mmol histidine per g
polymer (pSy;l and pB1) did not significantly increase transfection efficiency over the corre-
sponding base polymers, pSp;0 and pB0. However, the statistical polymer with the highest
oligohistidine content, pSy;2, performed significantly better than pSy;0, with a 3.0-4.6 fold
increase in transfection efficiency. These results suggest that more than 0.53 mmol histidine
per g polymer in these brush copolymers is necessary to achieve significant increases in trans-
fection efficiency in the statistical polymer architecture compared to the non-histidylated
polymer analogue. Alternatively, the increased ¢ potential of pSy;2 (Figure 6.4B) may also
enhance cellular association and thereby transfection efficiency of the material. Interest-
ingly, even though pSp;l and pB1 showed increased buffer capacity similarly to that of PEI
(Figure 6.3B-D), a much greater buffer capacity, which was provided by the pSy;2 polymer,
was necessary to increase transfection efficiency closer to levels achieved by PEI. Overall,
the polymers resulted in some reduced protein content, perhaps due to the large molecular

weight of the materials [16]. In the presence of 10% serum, the transfection efficiencies of
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Figure 6.5: Transmission electron micrographs (TEM) of polyplexes in water.
Representative TEM images of polyplexes (N/P5) formulated with (A) pSp;0, (B) pSuil,
(C) pSni2, (D) pBO, and (E) pBl. The (F) particle width, (G) particle length, and (H)
aspect ratio were calculated using ImageJ. Data are presented as the mean + S.D.; with n
= 23 for pSy;i0, n = 45 for pSyil, n = 31 for pSyi2, n = 39 for pBO, and n = 24 for pB1.
Scale bar = 200 nm.

all polymer formulations were decreased and cytotoxicity was limited. In addition, the in-
crease in transfection efficiency achieved by pSp;2 over pSp;0 was eliminated, indicating that
serum proteins may nonspecifically bind to the cationic polyplexes and interfere with overall
polyplex uptake [31], thereby reducing the effective concentration of histidine necessary for

increased transfection.

Previous reports have also indicated that high levels of histidylation may be needed
to significantly impact transfection efficiency. Benns et al. synthesized a histidylated ver-
sion of PLL where 25% of the e-amine groups on the PLL backbone was grafted with
poly(L-histidine) that resulted in higher transfection efficiency compared to PLL alone [11].
Additionally, Midoux et al. found optimal transfection efficiency when 38% of the e-amines
of PLL was substituted with histidyl residues [32]. Reports using polyhistidine peptides for

gene delivery have also showed increased transfection efficiencies due to the incorporation of
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Figure 6.6: Transfection of HPMA-oligolysine-oligohistidine polyplexes in HeLa
cells (A) Transfection efficiency and (B) protein content of HeLa cells transfected with poly-
plexes formulated with statistical (pSi,0, pSiol, pSio2, and pSp;0, pShil, pSy;2) or diblock

(pBO, pB1) and DNA (1 ug) at N/P 3, 5, 7 under serum-free conditions. Data are presented
as the mean + S.D., n = 3, and representative of three independent experiments.

histidine [33-35], but shorter peptides (DP 19) were not as efficient gene transfection agents
as longer peptides (DP 190) [35].

6.3.5 Delivery of plasmid DNA with bafilomycin A; and chloroquine

To determine if the increase in transfection efficiency of pSy;2 was a result of effective
endosomal buffering, HeLa cells were treated with polyplexes in the presence of bafilomycin

Ay, an ATPase proton pump inhibitor [36], or chloroquine, a lysosomotropic agent that
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Figure 6.7: Transfection of HPMA-oligolysine-oligohistidine polyplexes in HeLa
cells. (A) Transfection efficiency and (B) protein content of HeLa cells transfected with
polyplexes formulated with statistical (pSp;0, pSnil, pSpi2) or diblock (pB0, pB1) and DNA
(1 ug) at N/P 5 under serum-free (white bars) or 10% serum-containing (black bars) condi-
tions. Data are presented as the mean 4+ S.D., n = 3, and representative of two independent
experiments. (*) p < 0.05, as determined by a two-tailed, unpaired Student’s t-test with
unequal variance.

buffers endosomal vesicles [37]. The transfection efficiencies of pSy;0, pSpi2, and pBO in
the presence of bafilomycin A; decreased to 64.8%, 46.7%, and 68.4%, respectively, of

the original transfection efficiency, indicating that polymer protonation does facilitate gene
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delivery (Figure 6.8A). As expected, the transfection efficiency of PEI was decreased to 9.4%
of the original transfection efficiency, as previously reported [6]. The transfection efficiencies
of all polymer formulations were increased 2.0- to 28.8-fold by the addition of chloroquine.
These results suggest that further increases in transfection efficiency potentially can be
achieved with enhanced endosomal buffering. Similar results were achieved with COS-7
cells (Figure 6.8C). Although inhibitor treatment increased cytotoxicity, the transfection
efficiencies were normalized to account for the decreased protein content (Figure 6.8B, D).
Additionally, previous reports have shown that buffering ability alone may not be sufficient

to increase transfection efficiency [38, 39].

6.8.6 Delivery of plasmid DNA with endocytic uptake inhibitor treatment

Three major cellular uptake pathways have been implicated in polyplex uptake: clathrin-
mediated endocytosis, caveolae-mediated endocytosis, and macropinocytosis [40]. Clathrin-
mediated endocytosis involves the trafficking of endocytosed materials in increasingly acid-
ified endosomal environments; in this case, the ability of endosomal buffering becomes ben-
eficial as a potential method for endosomal escape. In caveolae-mediated endocytosis and
macropinocytosis, endocytosed materials are not subjected to acidic environments. There-
fore, the ability to buffer at endosomal pH may not be crucial for gene delivery. To determine
if the HPMA-oligolysine copolymers preferred one of these endocytic pathways, transfec-
tion studies were conducted in cells treated with the following agents: chlorpromazine, an
inhibitor of clathrin-mediated endocytosis [41], genistein, an inhibitor of caveolae-mediated
endocytosis [42], and amiloride, an inhibitor of macropinocytosis [43].

For transfections with chemical inhibitors, HeLa cells were treated with chlorpromazine,
genistein, or amiloride for 1h prior to transfection with polyplexes. Since polyplex uptake
pathways are highly cell-dependent44, COS-7 cells were also tested since the cell line had
also been previously used in inhibitor studies [44, 45]. In HeLa cells, both pSy; and pB
polyplexes exhibited decreased transfection when the cells were pre-treated with genistein
(Figure 6.9A). When HeLa cells were pre-treated with chlorpromazine, pSy;2 and pB0 ex-

hibited a 1.7- and 4.5-fold increase, respectively, in transfection efficiency. No significant



182

A
. 102 BBafilomycin A1 BChloroquine
] *
o
oo 10! *
o = * *
82 -
]
S c 100 d_j
5e ¥ v *
2 101
S
w
102 bPEI pShH0 pShi2 pB0 pB1
Polymer
B 120

ONo Inhibitor ~ ®Bafilomycin A1 BChloroquine

-
® o
o o

Protein Content
(% of untreated cells)
[+2]

(=]

40
20
0
none bPEI pS;,i0 pShi2 pB1
Polymer
C 102 BBafilomycin A1 BChloroquine
°o. 10 *
i ; —l-| | J]
o= *
S8
gE O
£< |
52
S 10 * *
°
g
102 bPEI pS,0 pSn2 pBO pB1
Polymer
D 160
DONo Inhibitor BBafilomycin A1 DOChloroquine
- 140
[}
= g 120
25 100
o3
oy 80
SE 60
=3
23 40
2 20
0
none bPEI pS,0 pPShi2
Polymer

Figure 6.8: Transfection of HPMA-oligolysine-oligohistidine polyplexes in HeLa
and COS-7 cells with bafilomycin A; or chloroquine. (A) Transfection efficiency and
(B) protein content of HeLa cells, and (C) transfection efficiency and (D) cell viability of
COS-7 cells transfected with polyplexes formulated with statistical (pSpi0, pSpi2) or diblock
(pBO, pB1) and DNA (1 ug) at N/P5 in the presence of 150 nM bafilomycin A; or 200 uM
chloroquine under serum-free conditions. Data are presented as the mean 4+ S.D., n = 3,
and representative of three independent experiments. (*) p < 0.05, as determined by a
two-tailed, unpaired Student’s ¢-test with unequal variance.
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differences in transfection efficiency were seen when cells were treated with amiloride. In
COS-7 cells, pSpi0, pSni2, and pBO polymers exhibited 2.0-, 2.1-, and 2.4-fold increase,
respectively, in transfection efficiency with chlorpromazine pre-treatment (Figure 6.9C).
The increases in transfection efficiency observed with chlorpromazine treatment may indi-
cate that compensatory uptake mechanisms are upregulated upon inhibition of clathrin-
mediated endocytosis [46]. Decreased transfection efficiency was seen with pSy; polyplexes
with genistein pre-treatment. Again, inhibitor treatment slightly increased cytotoxicity and
the transfection efficiencies were normalized to account for the reduced protein content (Fig-
ure 6.9B, D). While all three internalization routes may be used to varying extents, these
results indicate that caveolae-mediated uptake is a significant method of HPMA-peptide
copolymer internalization that leads to successful gene transfection. Other reports have
demonstrated similar findings for other polymer systems. For example, van de Aa et al.
demonstrated that pDMAEMA polyplexes had better transfection efficiencies when routed
through the caveolar pathway [45]. Hanes and coworkers recently demonstrated that PEGy-
lated polylysine (CKsg) particles also trafficked via the non-degradative caveolar pathway,
leading to efficient transfection [47]. They attribute the method of uptake in HeLa [48] and
human bronchial epithelial cells [47] to the rod shape of CKsp particles; smaller (24 nm)
nanoparticles were also taken up via a non-degradative pathway in HeLa cells [49]. A re-
cent study by Herd et al. also demonstrated that particle geometry affected cellular uptake
mechanism [50], therefore emphasizing the need to further study the role of polyplex mor-
phology on cellular uptake. Statistical polymers (pSp;1 and pSy;2) and pB0O were seen to
have rod-shaped morphologies (Figure 6.5), which may contribute to uptake via caveolae.
Reilly et al. also showed that PEI polyplexes containing histone-mimetic peptides achieved
productive transfection when routed through caveolae instead of mainly clathrin-mediated
endocytosis with PEI alone [51]. While the increased buffering capacity of pSy;2 does en-
hance transfection efficiency, the increases in transfection efficiency with the incorporation
of histidine residues are small (at most, only 4.6-fold), and thus, these structures may be
attaining high levels of transfection efficiency through an alternative, non-acidifying path-
way, such as the caveolar pathway. Thus, in order to improve the transfection efficiency of

HPMA-oligolysine copolymers, methods other than improving endosomal buffering can be
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explored.

6.4 Conclusions

In summary, we describe the synthesis of statistical and diblock HPMA-oligolysine-oligohist-
idine copolymers via RAFT polymerization and evaluate these materials as gene delivery
vehicles. The copolymers were characterized for buffering ability and polyplex formation,
and evaluated for in vitro transfection efficiency. Statistical and diblock copolymers also
showed increased, but differential buffering capability in the endosomal pH range. Never-
theless, only the statistical polymer containing the highest oligohistidine content resulted in
higher transfection efficiencies than the non-histidylated analogue. Therefore, one possible
explanation is that for these polymer architectures, higher histidine content may be required.
In addition, endocytic inhibitor studies showed that these HPMA copolymers might achieve
greater transfection when routed through the caveolar endocytic pathway, indicating that
these polymers minimally benefit from enhanced endosomal buffering capabilities. There-
fore, alternative approaches for vesicular escape that do not rely on acidification may further

increase gene transfection efficiency for this class of polymers.
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Figure 6.9: Transfection of HPMA-oligolysine-oligohistidine polyplexes in HeLa
and COS-7 cells with chlorpromazine, genistein, or amiloride. (A) Transfection
efficiency and (B) protein content of HeLa cells, and (C) transfection efficiency and (D) cell
viability of COS-7 cells transfected with polyplexes formulated with statistical (pSp;i0, pShi2)
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Chapter 7

DEVELOPMENT OF PEPTIDE DISPLAY AND SUBCELLULAR
FRACTIONATION TECHNIQUES TO IDENTIFY POTENTIAL
TARGETING PEPTIDES TO MITOCHONDRIA

Julie Shi, Jennifer L. Choi, and Suzie H. Pun

Abstract

Approaches to target the mitochondria for drug therapy often take advantage of the mito-
chondria’s negative membrane potential, and thus are generally not targeted to receptors
specific for the mitochondria. Therefore, methods to discover new and specific moieties to
improve the delivery of mitochondrial-targeted therapeutics are desirable. In this work, we
used phage display to identify potential targeting ligands for an altered mitochondrial state
using cultured cell lines with a cancerous metabolic state. Mitochondria were isolated from
these cell lines using differential centrifugation, and were incubated with an M13 phage
library in solution or on a solid surface. After three or more successive subtractive/selection
panning steps, no consensus sequences were isolated, possibly due to the numerous tar-
gets available and lack of stringency. Therefore, in order to further improve this screening

method, increased stringency in the screening process should be explored.
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7.1 Introduction

The mitochondria are an important intracellular target for drug therapy [1-3]. Numer-
ous diseases are derived from mitochondrial dysfunction, arising from various defects in
metabolic pathways, the synthesis and sequestration of reactive oxygen species (ROS), and
mitochondrial DNA. Additionally, pro-apoptotic cancer therapeutics, such as paclitaxel, in-
duce apoptosis by acting on the mitochondrial membrane [4]. Although most studies have
focused on determining key design parameters for efficient systemic distribution and cellular
uptake of drugs, increasing evidence has shown the importance of intracellular targeting for
the delivery of complex biologic therapeutics, such as polymer-drug conjugates. Current
approaches for controlling intracellular events in these polymer conjugates include the in-
corporation of virus-derived peptides [5] or pH-sensitive [6] linkages for endosomal escape

and reducible [7] or protease-specific [8-10] linkages for cytosolic release of the drug.

Current approaches to target the mitochondria often take advantage of the mitochon-
dria’s negative membrane potential. Amphiphilic molecules, such as rhodamine 123, phos-
phonium salts, and dequalinium (DQA) [11], have demonstrated localization to the mito-
chondria, but have shown limited success when chemically conjugated to larger biologics [12].
Recently, a series of mitochondrial-penetrating peptides were designed de novo and opti-
mized [13], and have been used to route small molecule drugs to the mitochondria [14-16].
However, methods to discover new and potentially better moieties to improve the intracel-

lular delivery of polymer-based therapeutics are limited.

To address these shortcomings, screening techniques, such as phage display, have been
used to find new peptides against purified proteins derived from various organelles, such as
the mitochondria [17-19]. However, peptides found in this manner can be limited in appli-
cability since the native intracellular environment is ignored during the screening process.
Therefore, methods that involve panning against functional target organelles can potentially
allow for the discovery of peptides that can be later used for the delivery of biologics. Re-
cently, the Arap-Pasqualini group reported the use of a modified M13 phage display method
to screen for mitochondria-specific peptides in vitro [20]; although they identified a peptide

that localized to mitochondria and promoted cell death, the identified target was actually
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a ribosomal protein. Thus, ligands identified by phage display can potentially enhance the

intracellular targeting of various biologic molecules and/or small molecule drugs.

The goal of this work was to combine phage display and subcellular fractionation tech-
niques to identify preferential targeting ligands for mitochondria from tumorigenic cell lines.
Primary cell lines derived from foreskin fibroblasts [21] and mammary epithelial cells [22]
that were either spontaneously immortalized or introduced with telomerase catalytic sub-
unit (hTERT) for immortalization were used in the subtractive panning process. The trans-
formed versions of these immortalized cells with oncogenic alleles, such as simian virus 40
large and small T antigen and H-ras, were used in the selection panning process. These
cell lines have the same genetic background and their metabolic changes have been pro-
filed in depth [21, 22]. Subcellular fractionation was used to isolate mitochondria for phage
pannings in solution or with mitochondria applied to a solid surface. Between three to five
rounds of subtractive/selection panning rounds were completed, and promising phage clones

were evaluated for specific binding to isolated mitochondria.

7.2 DMaterials and methods

7.2.1 Materials

The Ph.D.-12 and Ph.D.-C7C M13 phage libraries were purchased from New England Bio-
sciences (Ipswitch, MA). The BJ cell lines (EH, EL, and ELR) were generously donated
by Prof. William Hahn (Dana Farber Cancer Research Institute, Boston, MA). MCF cell
lines (MCF10A, MCF10Cal) were purchased from the Barbara Ann Karmanos Cancer In-
stitute (Detroit, MI). SuperBlock buffer (no. 37537) and HALT protease inhibitor cocktail
were purchased from Thermo Scientific (Rockford, IL). All cell culture reagents were pur-
chased from either Life Technologies (Carlsbad, CA) or Cellgro/Mediatech (Fisher Scientific,
Pittsburgh, PA). All other materials were reagent grade or better and were purchased from

Sigma-Aldrich (St. Louis, MO) unless otherwise stated.
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7.2.2 Cell culture

Foreskin fibroblast cell lines serially transduced with oncogenes (WTERT, simian virus 40
LT & ST, and H-ras, named “BJ EH”, “BJ EL”, and “BJ ELR”, respectively) were main-
tained in KnockOut-DMEM containing 1X medium 199, 15% fetal bovine serum (FBS),
100U penicillin, and 100 #g/mL streptomycin. The breast mammary tumorigenic cell line
MCF10Cal cell line was maintained in DMEM:F12 supplemented with 5% horse serum,
15mM HEPES, 1.05 mM CaCly, 100 IU penicillin, and 100 #&/mL streptomycin. The MCF10A
cell line was maintained in the same media as MCF10Cal except supplemented with 10 #8/mL
insulin, 20rg/mL. EGF, and 0.5 #8/mL hydrocortisone. Cells were grown at 37°C, 5% CO2

and passaged when they reached ~80% confluency.

7.2.8  Isolation and quantification of mitochondria

Mitochondria were isolated from cells using established protocols Wiekckowski 2009.Two
confluent flasks (225cm?) of cells were trypsinized and collected. Cells were then pelleted
at 180g for 5min at 4°C, washed twice with ice-cold isolation buffer (IB) (70 mM sucrose,
220 mM mannitol, 5mM HEPES, 1mM EGTA, pH7.2, 0.5% (w/v) fatty-acid free BSA),
resuspended in 2.5X the wet pellet weight in IB containing 1X protease inhibitors, and
homogenized with 15 passes through a 25-gauge needle. The homogenate was then cen-
trifuged twice at 600g for 10 min at 4°C, discarding the pellet, containing unbroken cells
and nuclei, each time. The supernatant was then centrifuged at 7000¢ for 10 min at 4°C,
and the supernatant, containing lysosomes and microsomes, was discarded. The pellet, con-
taining mitochondria, was resuspended in ice-cold IB, pelleted again at 7000¢ for 10 min at
4°C, and the supernatant removed, leaving a concentrated mitochondrial pellet. Protein
content was measured using a Bradford-based protein assay kit (Bio-Rad) according to the
manufacturer’s instructions, using immunoglobulin as a standard. The typical yield was

~50mg/mL protein in a total volume of 5-20 uL.
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7.2.4  Solution-phase biopanning

For the initial selection round, 0.5 mg of isolated mitochondria from cancerous cell lines (BJ
EL, BJ ELR, or MCF10Cal) were incubated with 1.5 x 10! pfu Ph.D.-12 library for 2h
on ice. For subsequent rounds, 1.5 x 10'! pfu of the amplified phage from the previous
round was incubated with 0.5 mg of isolated mitochondria from normal cell lines (BJ EH or
MCF10A) for 2h on ice. The mitochondria were then pelleted and washed twice with 250 pL
of mitochondrial assay buffer (MAS) (70 mM sucrose, 220 mM mannitol, 10 mM KHyPOy,
2mM HEPES, 1mM EGTA, pH7.2, 0.2% (w/v) fatty-acid free BSA), by centrifugation at
7000¢ for 10 min at 4 °C. The unbound phage (supernatant from washes) was then incubated
with 0.5 mg of isolated mitochondria from cancerous cell lines for 1 h on ice. Afterwards, the
mitochondria was again pelleted and washed twice with 250 ul. MAS containing increasing
concentrations of Tween-20. The details for the panning conditions of each round are
summarized in Table 7.1. Bound phage was then eluted off the mitochondria by the addition
of 100 uL elution buffer (0.2M glycine, pH2.2) for 5 min, and then neutralized with 15 uL
buffer (1M Tris-HCl, pH9.1). Serial dilutions of the eluted phage were incubated with
ER2738 E. coli and plated on LB plates containing X-gal and IPTG to determine the
recovered phage titer. The eluted phage was amplified by adding the remaining phage to
early-log phase bacteria (O.D. ~0.2) and grown for 4.5h at 37°C. The phage were then
recovered by polyethylene glycol/NaCl precipitation, and used for subsequent biopanning

rounds.

7.2.5 Solid-phase biopanning

For the initial selection round, the wells of a tissue culture-treated 96-well plate were incu-
bated with 1.5 x 10'! pfu each of the Ph.D.-12 and Ph.D.-C7C libraries in 100 uL MAS for
2h at 4°C to deplete the phage library of plate binders. Meanwhile, 10 ug of mitochondria
isolated from cancerous cell lines in 50 uI. MAS was added into wells of a different tissue cul-
ture (TC)-treated 96-well plate, and centrifuged onto the plate at 2000¢g for 20 min at 4 °C.
The phage were then collected off the wells and the wells were washed once with 100 uL
MAS. The phage and wash were combined and added to the mitochondria, and allowed
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Table 7.1: Biopanning conditions for solution-phase panning

Round Subtractive (mass, incu- Selection (mass, incuba- Wash Conditions

bation time) tion time)
0 - 0.5mg cancerous mito- 2X MAS
chondria, 2h
1 0.5mg normal mito- 0.5mg cancerous mito- 2X MAS
chondria, 2h chondria, 1h
2 0.5mg mnormal mito- 0.5mg cancerous mito- 2X MAS + 0.1% (w/v)
chondria, 2h chondria, 1h Tween-20
3 0.5mg mnormal mito- 0.5mg cancerous mito- 2X MAS + 0.3% (w/v)
chondria, 2h chondria, 1h Tween-20

to incubate for 1h at 4°C. For subsequent rounds, 1.5 x 10'! pfu of the amplified phage
from the previous round were incubated with 10 pug of mitochondria isolated from normal
cell lines and applied to TC-treated 96-well plates for 1h at 4°C. The phage were then
collected off the phage and the wells were washed once with 100 u. MAS. The phage and
wash were combined and incubated with 10 ug of mitochondria isolated from cancerous cell
lines and applied to TC-treated 96-well plates for up to 1h at 4 °C. The mitochondria were
then washed 3X with 100 uL MAS containing increasing amounts of Tween-20. The details
for the panning conditions of each round are summarized in Table 7.2. Bound phage were

eluted off the mitochondria, neutralized, titered, and amplified as described above.

7.2.6 Sequencing of phage DNA

Sequencing of phage DNA was carried out as described by the M13 phage display manual
(New England Biosciences, Ipswitch, MA) using the -96gIII primer (5-TCA TAG TTA
GCG TAA CG-3’). The purified phage DNA was reconstituted in water and sequenced by
a GeneWiz facility (Seattle, WA).

7.2.7 Determination of binding using EFLISA

To determine binding of phage-displayed peptides to mitochondria, 10 ug of isolated mi-
tochondria was centrifuged onto individual wells in a 96-well tissue-culture treated plate

at 2000g for 20min at 4°C. After one wash with 100 ug MAS buffer, mitochondria were
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Table 7.2: Biopanning conditions for solid-phase panning

Round Subtractive (mass, incu- Selection (mass, incuba- Wash Conditions

bation time) tion time)

0 plastic plate only 10 ug cancerous mito- 3X MAS

chondria, 2h

1 10 pg normal mitochon- 10pug cancerous mito- 3X MAS
dria, 1h chondria, 1h

2 10 ug normal mitochon- 10ug cancerous mito- 3X MAS + 0.1% (w/v)
dria, 1h chondria, 1h Tween-20

3 10 pg normal mitochon- 10pug cancerous mito- 3X MAS + 0.3% (w/v)
dria, 1h chondria, 1h Tween-20

4 10 ug normal mitochon- 10ug cancerous mito- 3X MAS + 0.5% (w/v)
dria, 1h chondria, 1h Tween-20

5 10 ug normal mitochon- 10ug cancerous mito- 3X MAS + 1% (w/v)
dria, 1h chondria, 30 min Tween-20

incubated with serial dilutions of phage in MAS buffer (in 100 mL total volume) for 1h
at 4°C. The phage solution was then aspirated off, and the mitochondria were washed 3X
with MAS containing 1% Tween-20. The mitochondria were then incubated with 200 pL
mouse horseradish peroxidase (HRP)-conjugated anti-M13 (1:5000 in Superblock buffer)
(GE Healthcare, no. 27-9421-01) for 1h at room temperature. The wells were then washed
3X with Tris-buffered saline containing 1% Tween-20 (TBS-T), and developed with 100 pL
3,3’,5,5-tetramethylbenzidine (TMB) substrate for 15-30 min. The absorbance was read at

652nm using a Tecan Safire? plate reader.

7.2.8 Mitochondrial respiration measurements

Measurement of the mitochondrial oxygen consumption rate (OCR) was completed with
isolated mitochondria using the XF Analyzer (Seahorse Biosciences, North Billerica, MA).
Mitochondria were isolated as described above, and diluted 10X in MAS buffer. Various
amounts of mitochondria were centrifuged onto an XF cell culture microplate at 2000g for
20min at 4°C. After centrifugation, 450 uL. of 1X MAS and substrate was added to each
well. The mitochondria were viewed briefly under a microscope at 20X to ensure consistent

adherence to the well, then placed at 37 °C for 10 min to allow the plate to warm. The plate
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was then transferred to the XF24 Analyzer and the experiment initiated. With the initial
presence of 10-20 pg mitochondria per well, 10 mM pyruvate, 2 mM malate and 4 uM FCCP,
injections were made as follows: port A, 50 uL of 20 M rotenone (2 uM final); port B, 55 L.
of 100 mM succinate (10mM final); port C, 60 pl of 40 uM antimycin A (4 uM final); port
D, 65 uL of 100 mM ascorbate plus 1 mM TMPD (10 mM and 100 M final, respectively).
For high-throughput measurements, respiration measurements with isolated mitochon-
dria were carried out using the MitoXpress probe (Luxcel Biosciences, Cork, Ireland) ac-

cording to manufacturer’s instructions using succinate as the substrate.

7.3 Results and discussion

7.8.1 Isolation of intact, functional mitochondria

To ensure that peptides were screened to bind functionally-active mitochondria during
biopanning rounds, isolated mitochondria were verified for adequate respiration. Since the
isolation procedure is similar for all cell lines, and the normal cell lines were probably the
most sensitive to the isolation procedure, only the MCF10A and BJ EH cell lines were
tested. In general, the oxygen consumption rate (OCR) for isolated mitochondria increased
after the addition of ADP, decreased after the addition of oligo, increased after the addition
of FCCP, and decreased to baseline after the addition of AA (Figure 7.1).

A B
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¥ ‘:: 35
-20 1

-40 1

=50 < Time (min) -60 ~ Time (min)

Figure 7.1: Mitochondrial respiration assay. Mitochondria were isolated from BJ EH
and MCF10A cells and verified for adequate respiration to determine mitochondrial func-
tionality. Data are presented as mean 4+ S.D., n = 3.
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7.8.2  Solution-phase biopanning strategy

To selectively isolate peptides that preferentially bound to the altered cancerous mito-
chondrial phenotype, a consecutive subtractive/selection strategy was used. For the initial
selection, a phage library expressing random 12-mer linear peptides was incubated with
mitochondria isolated from cancerous cell lines. In subsequent rounds, the amplified phage
from the previous round was incubated first with normal mitochondria, and then applied
to cancerous mitochondria. The initial selection pan resulted in high titers, indicating the
depletion of only 85-97% of the phage library (Figure 7.2). After three additional rounds of
panning, 10 clones from each panning was sequenced; no consensus sequences were found
(Table 7.3). Several insertless sequences were also found, indicating that the panning condi-

tions may not be sufficiently stringent since ~5-10% of the phage library consists of insertless

phage.
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Figure 7.2: Titers from solution-phase biopanning. After each round, the recovered
phage was titered to calculate enrichment efficiency. Isolated mitochondria from BJ EH
cells were used in the subtractive pan in (A) and (B), while isolated mitochondria from
MCF10A were used in the subtractive pan in (C). Isolated mitochondria from (A) BJ EL,
(B) BJ ELR, and (C) MCF10Cal were used in the selection pan.

7.8.8  Solid-phase biopanning strategqy

In an effort to decrease the amount of available target for the phage library, isolated mito-
chondria were applied to wells in the 96-well plate, similarly to preparation of mitochondria

for respiration studies. To increase library diversity, the Ph.D.-C7C cyclic 7-mer library
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Table 7.3: Sequencing results from solution-phase biopanning

Clone Sequence®

BJ EH (-)/BJ EL (+)"° MCF10A (-)/MCF10Cal (+)
EL-01 AFLGPLNALDSY MCF-01 GNFITDWRSMTN
EL-02 SMLSKQQEVNLR MCF-02 MHTTIHDIKYSN
EL-03 ALCKGMGPVSVM MCF-03 NQMWNPSGLRVP
EL-04 VGAAFNVTSLQR MCF-04 TKLHENNWFMPW
EL-08 EGFHISQRTKML MCF-05 ITARAYSAYPMS
EL-09 GQWPSQVVEVWL MCF-06 GLMRMMTSPMPA
BJ EH (-)/BJ ELR (+)>¢ MCF-07 TLAGTTIVMKQM
ELR-01 NLMHAPKGGRKQ MCF-08 GSYTALMVVSQL
ELR-02 SHGYTVVTLQKY MCF-09 GNVNLLMSNAHS
ELR-03 NLYSYRLDTAVL MCF-10 SFSYTAMEPPLR
ELR-04 ANDLNETWIPIE

ELR-07 MIDLRGSPHTVQ

ELR-08 HGTNWPGHSPMA

ELR-09 STTFHELQPDVY

ELR-10 EPHSPNIVWYRQ

® Sequences contain a C-terminal Gly-Gly-Gly-Ser (GGGS) spacer.

b The first cell line, followed by a “(-)” was used for the subtractive pan,
while the second cell line, followed by a “(+4)” was used for the selection
pan.

¢ Ten clones were sequenced from each round; clones not listed contained
no insert.
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was also added to the biopanning rounds. In the modified biopanning strategy (Table 7.2),
50-fold less mitochondria was used for each round. Titers generally increased during the
initial subtractive/selection rounds, but then decreased (Figure 7.3). After an initial selec-
tion round and five additional subtractive/selection rounds, no consensus sequences were
detected again. However, one sequence appeared once in the BJ EH (-)/BJ EL (4) pan
(clone EL-04) and again in the BJ EH (-)/BJ ELR (+) pan (clone ELR-08). When the cor-
responding phage clone was tested for binding affinity using ELISA, no signal was detected

(data not shown), indicating a lack of phage binding to the target mitochondria.
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Figure 7.3: Titers from solid-phase biopanning. After each round, the recovered phage
was titered to calculate enrichment efficiency. Isolated mitochondria from BJ EH cells were
used in the subtractive pan in (A) and (B), while isolated mitochondria from MCF10A were
used in the subtractive pan in (C). Isolated mitochondria from (A) BJ EL, (B) BJ ELR,
and (C) MCF10Cal were used in the selection pan.
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Table 7.4: Sequencing results from solid-phase biopanning

Clone Sequence®

BJ EH (-)/BJ EL (+)>°

EL-01 SPSVHLKYGQIW
EL-03 ACSSMPVHTC
EL-04 SPIEPKYQYIRT
EL-05 SLFVDDHYSQQG
EL-07 NSHWPXMALQSI?
EL-08 ANHDSTQFNKGW
EL-09 YNSDLSRYPRIS
EL-11 QPERPVTGNFTS
EL-12 TMHSFLSPTIKY
EL-13 VMPSNVNLPKLW
EL-14 ITEPPGGPRQIN
EL-15 VSIPTLRTLNYS
EL-18 AMPKQHTSLFHN
EL-20 EVSLAPMNQKPE
EL-21 GAAQNPPPAGMR
BJ EH (-)/BJ ELR (+)%°
ELR-01 HSGVTFKPMPAG
ELR-02 LGHAEQXAFVKR?
ELR-03 GAAYEKAYFSRT
ELR-04 SLANVPLPLPVS
ELR-05 ASGPYTNTNYGA
ELR-07 DTLMLAPNWMRP
ELR-08 SPIEPKYQYIRT
ELR-09 FPSHNSWNHNIL
ELR-12 STHYMAMNFMPT
ELR-13 NNSYHESSWTNT
ELR-14 FQETAEVNSSNR
ELR-15 GASYHQVNGSDA
ELR-16 FAPQATRTQHPQ
ELR-17 DFRDWRNDYTIY
ELR-18 ACLTQAHYTC
ELR-19 DSLTTKMAMHLH

Clone Sequence®
MCF10A (-)/MCF10Cal (4)%°
MCF-01 MNRIQTETTHTP
MCF-02 NPVANHPAKLAY
MCF-03 QHREIQYNYFWQ
MCF-04 AHFSKAGPXIRS?
MCF-05 SGNAAHFLSGHR
MCF-07 HTFVNHRPGYNT
MCF-08 ACVGTAALYC
MCF-09 ESTRSNSAYTPL
MCF-10 NVNTLLNIYKSR
MCF-11 NHYWLLDHQHNE
MCF-12 AYLSSTEPARHW
MCF-13 QNSTPRGDMSVP
MCF-14 ANRAIQYHVPQE
MCF-15 MPPSLGASQLNT
MCF-16 NSQTFISSMQGQ
MCF-17 TFGVATSGSGWD
MCF-18 TDHVSSNNKWML
MCF-19 SAHPLQRYHEMA

® Sequences contain a C-terminal Gly-Gly-Gly-Ser (GGGS) spacer.
b The first cell line, followed by a “(-)” was used for the subtractive pan,
while the second cell line, followed by a “(4)” was used for the selection

pan.

¢ Ten clones were sequenced from each round; clones not listed contained

no insert.

4 The amino acid residue “X” corresponds to a stop codon.
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7.4 Conclusions

The identification of targeting ligands for the mitochondria can lead to improved therapies
for the treatment of diseases that arise from mitochondrial dysfunction. We have demon-
strated that using phage display on isolated organelles may be useful in identifying potential
targeting ligands to altered mitochondrial states; however, in order to optimize these meth-
ods, more stringency will need to be used during the screening process. Alternatively, an
additional screening of sequenced peptides can be carried out to determine potential binding

to isolated mitochondria of a desired phenotype.
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Part II1
FUTURE PERSPECTIVES

The final section summarizes the major findings of the work described in this document,

and provides potential project ideas as follow-up experiments to the major findings.
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Chapter 8

SUMMARY OF MAJOR FINDINGS AND RECOMMENDATIONS
FOR FUTURE WORK

8.1 Summary of major findings

8.1.1 Quantitative assessment of the intracellular trafficking of nonviral vectors and asso-

ctated cargo

A considerable number of synthetic materials has been developed in the hope of discovering
better gene delivery vectors. However, our knowledge of how these vectors behave in bio-
logical systems is still limited. Thus, it is imperative to enhance our understanding of how
these vectors work in order to engineer more efficient delivery systems. In Chapters 1 and
2, subcellular fractionation methods were developed and used to elucidate the intracellular
whereabouts of a commonly used nonviral gene delivery vector, polyethylenimine (bPEI),
and its cargo DNA. We found that while a large amount of DNA becomes cell-associated,
only a small fraction of the polymer does so, indicating that the polymeric carrier and DNA
become dissociated early on in the transfection process. These unexpected results raise
important questions of what the role of the polymeric carrier is in the gene delivery process,

and shed new insight into how gene delivery vectors and cargo are processed by the cell.

8.1.2 Consideration of particle morphology when designing gene delivery vectors

While several studies have shown that particle morphology can affect cellular internalization
rates, the relationship between particle morphology and biologic delivery has not been
explored in detail. In Chapter 3, particles of larger aspect ratios (more rod-like) were found
to have slower cellular internalization rates. Particle morphology was decoupled from other
particle properties, such as particle surface charge, uptake mechanism, and intracellular
trafficking kinetics. These fundamental findings are important to further the design and

development of non-viral gene delivery vectors.
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8.1.3 Peptide-functionalized cationic polymers as nonviral gene delivery vectors

In order to overcome various barriers to gene delivery, synthetic materials have been devel-
oped with bioactive peptides to address these barriers. In Chapters 4 through 6, polymers
consisting of a hydrophilic backbone of N-(2-hydroxypropyl)methacrylamide (HPMA) and
several bioactive peptides for DNA condensation, endosomal escape, and degradability were
described. In Chapter 5, degradability was introduced into the HPMA-oligolysine base
polymer wvia reducible linkers. Although the incorporation of reducible linkers reduced the
ability of the polymer to transfect cells efficiently, the reducible polymers were much bet-
ter tolerated than the non-reducible polymer. The instability of the reducible polymer
was attributed to the high concentration of disulfide linkages in the polymer, which led to
spontaneous reduction of the disulfide bonds. In Chapter 6, oligohistidine peptides were
incorporated into the HPMA-oligolysine base polymer in an effort to increase endosomal es-
cape via the proton sponge effect. The polymer architecture (random-statistical vs. diblock)
was found to affect the buffering range of the oligohistidine-containing polymers. Since the
transfection efficiency was only slightly improved with a high incorporation of oligohistidine
peptides, the mechanism of cellular uptake was also investigated; the HPMA-oligolysine
polymers were found achieve high transfection efficiency through a non-acidifying caveolar
pathway. The development of these peptide-polymers are summarized in Chapter 4, which
provides insight on the impact of polymer architecture, multivalency effects, and the use of

peptides for the continued development of gene delivery vectors.

8.2 Recommendations for future work

8.2.1 Role of excess polymer in polyplex transfection
Background and significance

Excess free polymer is necessary for efficient gene transfer [1]; however, the role of the excess
polymer has not been clearly elucidated. Several reports demonstrated that treating cells
with polyplexes at an N/P 3, and adding excess polymer (to N/P 10) at various times before
or after the main polyplex treatment decreased transfection in all cases [2-4]. However,

Bonner et al. demonstrated that transfection efficiencies increased with the addition of
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excess polymer (to N/P10) 4h after an initial transfection with polyplexes at N/P5 [5].
Furthermore, the amount of internalized DNA is decreased when excess polymer was added
after the initial polyplex addition [2]. We also previously showed that very little polymer
is internalized in the cell, even after 4h [6]. Therefore, it is still unclear how the polymeric

carrier works to increase transfection.

Preliminary results

Since there are conflicting reports as to whether adding excess polymer does increase gene
transfer efficiencies, HeLa cells were transfected with radiolabeled ([1*C]) bPEI polyplexes at
an initial N/P 3, and excess radiolabeled ([*H]) polymer (to N/P 5) was added immediately
after polyplex treatment (¢ = 0) or 4h later (¢ = 4) (Figure 8.1). As a control, polyplexes
were formulated at N/P 5 with the same ratio of ['C]- and [*H]-labeled bPEI. The polyplex
solution was then removed after 8 h. The cells were replenished with complete media, and
assessed for polyplex transfection and radioactivity at 48h. In general, less than ~3%
of the added polymer was detected in cell lysates. In agreement with previous reports
[2—4], transfection efficiencies decreased when excess polymer was added 4 h after the initial
polyplex treatment (Figure 8.1A). Similarly to previous results (Section 1.4.8), radiolabeled
bPEI was less toxic than unlabeled bPEI (Figure 8.1B). The amount of cell-associated
[14C]-labeled bPEI was similar for all treatment groups, but there was less cell-associated
[*H]-labeled bPEI in cells dosed with excess polymer at 4h (Figure 8.1C). However, there
are differential amounts of cell-associated bPEI with cells treated at N/P 5, and so these

results should be further verified.
Specific aim
To further investigate the role of excess polymer in polyplex transfection, we propose the

following specific aim:

Aim 1 Determine the uptake and transfection efficiencies of dual-labeled bPEI polyplexes
with excess polymer pulsed in at different time points. As an initial step, polyplexes formu-

lated with [1*C]- and/or [*H]-labeled bPEI should be confirmed for similar complexation
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Figure 8.1: Uptake and transfection of dual-radiolabeled bPEI polyplexes in HeLa
cells. HeLa cells were treated with polyplexes formulated with [**C]-labeled bPEI (N/P 3)
(containing 1 ph DNA), and supplemented with [*H]-labeled bPEI (to N/P5) either im-
mediately after initial polyplex treatment (“PEI 3+5,0”), or 4 h after (“PEI 3+5,4”). As
a control, polyplexes were formulated with the same ratio of radiolabeled bPEI at N/P 5
(“PEI 5”). Polyplexes were removed after 8 h, and cells were replenished with complete
media. Cells were assessed for radioactivity, luciferase expression, and protein content at
48h. Data are presented as mean + S.D.; n = 3.

behavior, similarly to previous work (Figure 2.5). HeLa cells will be treated with polyplexes
formulated with [*4C]-labeled bPEI at N/P 5 with excess polymer dosed in either immedi-
ately after initial polyplex treatment, or 4 h later (up to N/P 10). For uptake studies, cells
will then be washed with CellScrub to remove surface-bound polyplexes, and collected me-
dia, wash buffer, and lysate will be quantified for radioactivity. For transfection studies,

cells will be assessed for bulk luciferase activity.
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8.2.2  Cellular uptake of nonviral vectors and associated DNA cargo in vivo
Background and significance

In Chapter 2 we demonstrated that a relatively small amount of polymer becomes cell-
associated in an in vitro cell culture model. In order to improve gene delivery in wvivo, it
is important to translate these in vitro findings and investigate the amount of polymeric
carrier and DNA cargo that is internalized by target cells after in wvivo administration.
Although several reports have tracked the nonviral carrier and nucleic acid cargo in whole
organs [7—10], there are currently limited studies on the relative amount of nonviral carrier
and nucleic acid cargo in various cell types after in vivo administration. We also previously
demonstrated that very little polymer becomes internalized in liver cells even though DNA
was detected [11]; however, fluorescence-labeling was used, and so relative quantification of
the two components was not possible. A previous report demonstrated that about 60% of

systemically injected radiolabeled polyplexes were found in the liver after 30 min [12].

Specific aims

To further investigate the intracellular trafficking of polymeric carrier and cargo DNA in

vivo, we propose the following specific aims:

Aim 1 Quantify the amount of radiolabeled polymer and DNA associated with hepatocytes
after systemic in vivo administration. Since the majority of polyplexes accumulate in the
liver after tail vein injection and hepatocytes are a target cell of interest for therapies, we
will focus on quantifying polyplex distribution in hepatocytes. Balb/c mice will receive
[14C]bPEI/[*H]DNA polyplex treatment at N/P 3 (containing 25ug DNA) via tail vein
injection. The animals will be sacrificed, and livers will be isolated after 20 min and 1 h.
Hepatocytes from mouse liver will be extracted using established protocols [13]. Hepatocytes
will then be prepared for scintillation counting for determine relative quantities of [**C]bPEI

and [*H]DNA.
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Aim 2 Quantify the amount of radiolabeled polymer and DNA associated with neural pro-
genitor cells (NPCs) after intraventricular injection. In order to improve gene delivery to
the brain, it is important to understand the trafficking of materials in an in vivo environ-
ment. Previous work in the Pun group demonstrated gene delivery to adult NPCs using
Tet1-targeted PEI-polyethylene glycol (PEG) as the polymeric carrier [14]. Similarly, un-
targeted and targeted constructs will be radiolabeled by partial acetylation (Section 2.2.6),
used to formulate polyplexes at N/P 15 (containing 2.5 ug) [PH]DNA), and stereotaxically
injected into the left side of the skull of C57/BL6 mice. After 24 h, the mice will be sacri-
ficed, the brain will be harvested, and NPCs will be purified using established protocols [15].
NPCs will then be prepared for scintillation counting for determine relative quantities of

[*C]bPEI and [*H]DNA.

8.2.8 Role of exocytosis in polyplex trafficking

Background and significance

We previously demonstrated that there was a differential distribution of polymer and DNA
in a 5-20% iodixanol gradient, with an overlap of the two components in between the peak
intensities of polymer and DNA (Section 2.9) [6]. We hypothesized that polymer may be
trafficking through multivesicular bodies (MVBs), which have previously been shown to be
distributed amongst endosomal and lysosomal fractions in HeLa cells [16]. Recent reports
have also demonstrated the role of MVBs in the recycling of lipid/siRNA complexes. When
delivered with lipid/RNA-induced silencing (RISC) complexes, the amount of internalized
siRNA in the cytosolic fraction was only < 0.1-1%, while > 75-90% of the internalized siRNA
was directed for clearance by lysosomes or secretion by MVBs [17, 18]. The Anderson group
recently showed that MVBs were responsible for the recycling of ~70% of the internalized
siRNA /lipid complexes [19]. Therefore, it is possible that trafficking through MVBs may

also play a role in polymer/DNA polyplex trafficking.
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Preliminary results

Since there are conflicting reports as to the presence of MVBs in HeLa cells, HeLa cell
lysate was separated according to the density-gradient fractionation (Section 2.2.15), and
the fractions were probed for the presence of CD63 (Santa Cruz Biotechnology, no. sc-5275,
1:500 dilution), a marker for MVBs. CD63 was detected lesser dense fractions compared to
hexosaminidase A, an enzymatic marker for lysosomes (Figure 8.2). These results suggest
that polymer may be preferentially trafficking through MVBs and recycled out of the cell.
A low amount of polymer was detected in cell-associated fractions, also suggesting rapid
exocytosis of the polymer (Figure 2.8). However, organelle distribution have been shown
to shift after polyplex treatment (Figure 2.9), and thus, CD63 distribution should also be

quantified upon polyplex treatment.
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Figure 8.2: Distribution of CD63 and hexosaminidase A in a 5-20% iodixanol
gradient. 2 x 107 HeLa cells were homogenized, and fractionated according to the methods
in Section 2.2.15. Collected fractions were immunoprecipitated and probed for CD63 using
a chemiluminscent substrate. The intensity of each band was quantified using ImagelJ.
Hexosaminidase A activity was also determined for each fraction.
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Specific aims

To further investigate the role of MVBs in polyplex trafficking and pinpoint the intracellular

site of polyplex dissociation, we propose the following specific aims:

Aim 1 Determine the distribution of radiolabeled bPEI/DNA polyplezes in polyplex-treated
cells over time. HeLa cells will be treated with [\*C]bPEI/[*H|DNA at N/P5 (containing
100 ug DNA) for 30 min, 2h, and 4h, and subsequently homogenized and fractionated using
a 10-30% iodixanol gradient to promote better resolution between endocytic organelles [16].
Fractions collected will analyzed by marker enzyme markers, as described previously [6],
and will be probed for CD49 (plasma membrane), Rab5 (early endosome), CD63 (MVBs),
LAMP2 (lysosomes). Radiolabeled bPEI and DNA will also be quantified in extracellular
exosomes by collecting the supernatant after polyplex treatment and isolating extracellular

exosomes according to established protocols [20].

Aim 2 Determine the uptake of radiolabeled bPEI/DNA polyplexes after downregulating
MVB formation. To determine if downregulation of MVB biogenesis would increase the
amount of internalized polymer, HeLa cells will be pre-treated with siRNA against Hrs
(siHrs), which is necessary for MVB formation [21], and subsequently treated with radiola-
beled bPEI/DNA polyplexes for 30 min, 2h, or 4h. Radiolabeled bPEI and DNA will also
be quantified in media, cell wash buffer, and cell lysate. Furthermore, to determine if down-
regulating MVB formation can increase polyplex transfection, HeLa cells pre-treated with
siHrs will be used for transfection analysis. As an alternative approach, downregulation of
Neimann-Pick type C1 (NPC1) may be used instead of Hrs since it has been shown to be

an important regulator of lipid/siRNA complex recycling [19].

8.2.4 Alternative methods for the analysis of materials in subcellular organelles

Subcellular fractionation, while a robust method for quantifying the intracellular distribu-
tion of various biologics, is a very tedious and time-consuming process, and inefficient for
high-throughput analysis of multiple gene delivery vectors. In order to facilitate the estab-

lishment of property-structure-function relationships, an improved method for the analysis
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of materials in subcellular organelles is needed. Fluorescence-assisted organelle sorting
(FAOS) may be a higher-throughput method where fluorescently-labeled compounds can
be detected with fluorescently-labeled organelles. Organelles can be labeled with fluores-
cent protein constructs, or with various fluorescent organelle markers (e.g. MitoTracker for
mitochondria, LysoTracker for lysosomes, etc.). Colocalization of the organelle fluorescence
and fluorscently-labeled compound can then be quantified. Although this method is signifi-
cantly less quantitative, it may be ideally used as an initial screen to determine the optimal
fractionation procedure to use in later studies, and may be useful for discerning potential

property-structure-function relationships.

8.2.5 HPMA-oligolysine brush polymers with a reducible polymer backbone

In Chapter 5, we described the development of a HPMA-oligolysine brush polymer with
reducible disulfide linkages between the HPMA backbone and pendant oligolysine moeity.
These polymers were sensitive to spontaneous reduction from trace metals in solution, and
thus, better methods for introducing degradable segments into the polymer may be attrac-
tive. Recent reports have shown various methods for incorporating degradable structures
into polymers. For example, novel cyclic monomers were developed to incorporate cleavable
functional groups, e.g. esters and disulfides [22]. These cyclic monomers were efficiently
incorporated into linear copolymers via radical ring-opening polymerization (Figure 8.3).
Therefore, incorporating cyclic monomers of HPMA into the polymer backbone may en-

hance degradability of the polymer while maintaining transfection efficiency.
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