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General introduction

| RNA therapeutics

Around the 30 years ago, the concept that nucleic acids can be used as drug has been proven
when Wollft et al. demonstrated that direct injection of messenger RNA (mRNA) or DNA into
the skeletal muscle of mice led to the expression of the encoded protein in the injected muscle
[1]. At the time, RNA was thought to be a poor choice as therapeutic agent as it is less stable
compared with DNA, and the field focused on technologies based on DNA [2]. In the last fifteen
years, however, RNA-based therapeutics, such as small-interfering RNA (siRNAs), microRNAs
(miRNAs), antisense oligonucleotides (ASOs), synthetic messenger RNAs (mRNAs) and
CRISPR-Cas9, have witnessed an explosion of interest in both academia and industry [3].
RNA-based drugs target gene and RNA levels rather than proteins, thus there is a great promise
to greatly extend the domain of druggable targets beyond what can be achieved with small
molecules and biologics [4]. Conceptually, RNA-based drugs can be divided into two groups.
The first type is those whose specific activity is mediated by an antisense mechanism [5],
namely by recognizing a complementary sequence on mRNA. Those can be used to inhibit
gene expression (siRNAs, miRNA), alter splicing to produce functional proteins (ASOs) or edit
mutated DNA (CRISPR-Cas). The other type is coding RNAs (mRNA) that can be used for
transient in vivo transcription to replace mutated proteins or produce new proteins without
the risk of genomic alteration (Fig.1) [4,6].

With the advance of next-generation sequencing technology and new chemistries,
RNA-based therapeutics are poised to become new therapeutic paradigms for treatment of
diseases, ranging from cancer to viral infections (e.g. influenza, HIV, Zika) to neurological
diseases (e.g. Parkinson, Alzheimer) [7]. In 2017, two antisense oligonucleotides (ASOs) drugs
that alter mRNA splicing of genes were approved by U.S. Food and Drug Administration for
Duchenne muscular dystrophy (Exondys 51) [8] and spinal muscular atrophy (Spinraza) [9],
and more siRNA drugs are now reaching the clinical finish line [10]. Moreover, mRNA-based
drugs, especially mRNA vaccines, have emerged as promising alternatives to conventional
vaccine approaches and are developing rapidly. A large body of preclinical data has accumulated
over the past several years, and multiple human clinical trials have been initiated [11]. For
example, based on strong pre-clinical results of tumor associated antigen (TAA) or neo-antigen
(neo-Ag) mRNA personalized vaccines either in naked form or as liposomal formulation,
BioNTech RNA Pharmaceuticals (Mainz, Germany) initiated three clinical trials for treatment
of melanoma and breast cancer [12,13]. Likewise, RNA biotech companies, such as Moderna
Therapeutics (Cambridge, MA, USA) and CureVac (Tibingen, Germany) initiated clinical trials
with mRNA vaccines against infectious diseases (Rabies [14], Zika [15], influenza virus [16])

based on intramuscular injection of mRNA encoding for a viral antigen.

| Barriers for RNA therapeutics delivery

Even though with all the enthusiastic upside surrounding the potential of RNA-based
therapeutics, turning RNAs into drugs still need to overcome three major (extra- and
intracellular) barriers: (i) the poor pharmacological properties of RNA due to degradation by
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Fig. 1. RNA-based drug mechanisms. Once delivered into the cells, RNA macromolecules can utilize
diverse intracellular mechanisms to control gene and protein expression. (I) Hybridization of antisense
oligonucleotides (ASOs) to a target mRNA can result in specific inhibition of gene expression by induction
of RNase H endonuclease activity, which cleaves the mRNA-ASO heteroduplex. (II) Short interfering
RNA (siRNA) is recognized by the RNA-induced silencing complex (RISC), which guided by an antisense
strand of the siRNA, specifically binds and cleaves target mRNA. (III) In vitro transcribed mRNA utilizes
the protein synthesis machinery of host cells to translate the encoded genetic information into a protein.
Ribosome subunits are recruited to mRNA together with a cap and poly(A)-binding proteins, forming
a translation initiation complex. (IV) In the CRISPR-Cas9 system, co-delivery of a single guide RNA
(sgRNA) together with the mRNA encoding the Cas9 DNA endonuclease allows site-specific cleavage
of double-stranded DNA, leading to the knockout of a target gene and its product. CRISPR, clustered
regularly interspaced short palindromic repeats. Reproduced with permission [6].

RNases that are present in all body fluids, (ii) the activation of extracellular and intracellular
innate immune responses, and (iii) the delivery of charged nucleic acid across hydrophobic cell
membranes into the cytosol or nucleus where they need to act [17].

The new RNA chemistries have vastly improved the stability of RNA therapeutics, reduced
unintended off-target effects and maximized on-target pharmacological activities. For example,
chemical modifications of the native 2’-hydroxyl (OH) of the ribose with 2’-fluoro (F) as well
as introduction of phorothioate linkages protect siRNAs against nuclease digestion to earn
a prolonged half-life in serum [18]. Further, modifications of nucleosides with 5’-methylcytidine
nucleotide decrease the innate immune activation and increase translation efficiency of
mRNA [19]. The combining modification of the oligonucleotide backbone, sugars, bases and

the phosphate groups can solve the first and second problem and have significantly improved
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the potency and pharmacological properties of RNA drugs [20]. In fact, most of therapeutic
siRNAs in clinical trials today contain 2’-F/O-Me modifications [21,22].

Of all these barriers, delivering RNA through lipid bilayers into cells has remained as
the major problem for the widespread development of RNA therapeutics [3]. Most RNA-based
therapeutics are highly negatively charged, large macromolecules with a molecular weight that
roughly ranges from several to thousands kilo Dalton. As a consequence, these RNA-based
molecules have no ability to cross cellular membranes (with the exception of some ASOs) as
well as endosomal membranes to reach the cytoplasm. Against this background, an efficient
delivery system is required to exploit the therapeutic potential of RNA based drugs to finally
result in clinical applications. Different strategies have been developed to tackle these most
difficult twin hurdles, such as physical delivery methods (gene gun, electroporation), viral and
non-viral vectors [6]. However, the physical methods have limitations of increased cell death
and restricted access to target cells or tissue, and viral vectors might induce severe and unwanted
immune reactions and also have restricted packaging capacity. Recently, the RNA research field
has benefited from the use of non-viral vectors, especially lipid or polymer-based nanoparticles

as potent and versatile delivery vehicles [11].

| Non-viral RNA delivery system

Broadly speaking, the non-viral RNA delivery platforms can be divided into three different
categories: naked RNA, RNA-ligand conjugates and lipid or polymer-based nanoparticles.
Interestingly, some of the current clinical trials utilize naked chemically modified RNA (Fig. 2a),
including siRNA [23], ASOs [24,25] and mRNA [26]. Importantly, local delivery of naked RNAs
can reduce the risk of RNA degradation and systemic immune activation compared to that
associated with systemic delivery. Another more conceptually straightforward and chemically
well-defined means of delivery is to directly conjugate a bioactive ligand to the RNA, which will
allow it to enter the cell of interest (Fig. 2b). Different ligands have been conjugated with RNA
in recent years, such as cholesterol [27], vitamin E [28], antibodies [29] and cell penetrating
peptides [30]. The most clinically advanced construct is trivalent N-acetylgalactosamine-
siRNA (GalNAc-siRNA), which is typically dosed subcutaneously and has shown an ability to
rapidly enter the systemic circulation and target the asialoglycoprotein receptor on hepatocytes
in the liver [31]. A recent clinical study to treat hypercholesterolemia has shown impressive
results. Around 80-95% knockdown lasting for as long as 3-6 months after a single injection
without significant safety concerns in thousands of patients was observed [32]. This suggests
that GalNAc-RNA platform as a whole will be adaptable for developing drugs against multiple
liver targets [7]. Nevertheless, therapeutic gene knock in other organ than the liver is still an
area that needs to be actively developed.

The most studied delivery methods of RNA therapeutics are to encapsulate them into
nanoparticles that are based on cationic lipids (Fig. 2¢) or polymers (Fig. 2d), which physically
protect nucleic acids from enzymatic degradation and aid in cellular uptake and endosomal

escape. The majority of the initial clinical development of RNA therapeutics has been focused
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Fig. 2. Commonly used delivery formulations and cationic polymers for RNA-based drugs. (a) naked
RNA; (b) RNA conjugates;(c) cationic RNA lipoplexes or lipids nanoparticles; (d) RNA polyplexes; (e) RNA
lipoplexes; (f) chemical structures of commonly used cationic polymers.

on developing lipid nanoparticles (LNP) to introduce siRNAs or mRNA into heptacytes, since
the liver is a major filtering organ that traps RNA nanoparticles. In contrast to traditional
DOTAP (1,2-dioleoyl-3-trimethylammonium-propane)-based formulations that carry
a positive zeta potential at neutral pH, ionizable LNP only exhibited a positive surface charge
in the acidic environment of the endosome to help endosomal escape and subsequent release of
the encapsulated payload in the cytosol [33]. However, treatment of chronic diseases with RNA
requires repeated LNP RNA administration, which can be associated with toxicity [34].

An alternative way for RNA delivery is using hybrid nanoparticles which are composed
of lipids and polymers, named as lipopolyplexes (Fig. 2e). This method integrates several
potential advantages of its components, thus providing more flexibility when compared with
nonhybrid systems for the delivery of RNA therapeutics [35]. Generally, RNA is first mixed
with a cationic polymer, for example protamine or poly(B-amino esters) as core to facilitate
endosomal escape, after which a shell of lipids decorated with targeting ligands or a stealth
polymer (such as poly(ethylene glycol) (PEG)) is coated on the core to enhance the nanoparticle
stability, circulation kinetics and cell specificity [36,37]. In particular, lipopolyplexes have a great
potential to efficiently deliver mRNA into dendritic cells (DCs) for cancer treatment [38-42].

Synthetic polymers, are also frequently applied for RNA delivery due to their high degree
of chemical flexibility and the possibility to be tuned to integrate various functionalities to
overcome specific biological barriers [43]. For instance, cationic polymers can electrostatically
condense negatively charged RNA into nanoparticles, namely polyplexes (Fig. 2d). The size of
polyplexes ranges from 6 nm (average hydrodynamic diameter of single polymer-complexed
siRNA molecules [44]) to several hundreds of nanometers (containing multiple copies of
the nucleic acid). Typical examples of cationic polymers used for polyplex formation are shown
in Fig. 2f. Cationic polymers, like polyethyleneimine (PEI), with effective RNA transfection
both in vitro and in vivo is mostly ascribed to the protonation of amines under acid environment
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that resulted in endosomal rupture, so called ‘proton-sponge’ effect [45,46]. Nowadays, a new
generation of biodegradable polymers has been synthesized specially for aid the RNA delivery.
Most biodegradable polymers are environmental sensitive, meaning that the polyplexes start to
disintegrate and release the RNA cargo by employing a change of pH, reductive gradient, and
enzyme concentration at different target sites. To further increase the polyplexes stability in
the extracellular environment, versatile methods have been studied, including surface coating
with non-charged, hydrophilic polymers such as PEG [47,48], reversible cross-linking of
polyplexes [49,50], incorporating hydrophobic components [51,52] and using of quaternary
amines [53,54]. The ability of modifying polyplexes with multiple functional groups, like
targeting ligands and endosomal escape peptides with versatile chemistry tools (e.g. strain-
promoted azide-alkyne cycloaddition [55], thiol-yne click reaction [56]), confers that polymeric

systems have a great potential in RNA therapeutics delivery.

| Cancer immunotherapy

Cancer immunotherapy is a strategy that harnesses the body’s immune system to kill cancerous
cells, leading to tumor shrinkage and to improve clinical outcomes in patients [57]. In recent
years, this field has boomed with the development of many different classes of agents aimed
at enhancing immune responses against tumors. These include cytokines [58], immune
checkpoint inhibitors [59], adoptive T cell therapies [60], and numerous vaccination strategies
[61]. Recent clinical success on chimeric antigen receptor T (CAR-T) cell therapies, collecting
and engineering patients’ own immune T cells to treat B-cell precursor acute lymphoblastic
leukaemia, has led two CAR-T cell therapies to get approved by the U.S. Food and Drug
Administration (FDA) in 2017 [62].

| Cancer vaccines

To harness the immune system to treat cancer, one needs to develop approaches to neutralize
tumor-promoting inflammation, to modify the tumor microenvironment that regulates T cell
activity, and to broaden the T cell repertoire by vaccination [63-65]. The aimed mechanism of
cancer immunotherapy is to activate the adaptive immune system by both humoral and cellular
immune response against tumor cells. Especially, the elicitation of tumor specific cytotoxic CD8
positive cells (CTLs) cells is critical for immunotherapy [61]. Among others, cancer vaccines are
designed to fulfill this purpose. Compared to other therapies, cancer vaccines are relatively safe
and specific compared to e.g. classical chemotherapy. Besides, it also offers the potential to avoid
drug resistance and obtain durable treatment responses due to immunological memory [66].
For the viral-associated cancers, prophylactic cancer vaccines, that seek to prevent or eliminate
cancers before they become established, have been developed [67]. For example, the successful
development of prophylactic cancer vaccines targeting two cancer-causing viruses, the hepatitis
B virus (HBV) and the human papillomavirus (HPV), has demonstrated conclusively that
prophylactic immunization is a successful strategy [65]. However, around 85% of cancer types

are not caused by viruses, and therefore are mainly treated with therapeutic cancer vaccines.
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With an increasing number of identified tumor associated antigens and neoantigens [13], much
effort has been directed to the use of tumor antigen based vaccines for active immunization
against growing tumors [61]. In general, there are four main categories of cancer vaccines:
(1) protein/peptide-based vaccines, (2) cellular vaccines, including tumor cell and immune
cell vaccines, (3) viral vector vaccines, and (4) nucleic acid vaccines, including DNA and

RNA vaccines.

Protein/peptide-based vaccines

The first reports of plasmid DNA (pDNA) and mRNA vaccines appeared around the same
time (1992 and 1993, respectively) [68,69], however, owing to concerns associated with mRNA
instability, high innate immunogenicity, difficult to manufacture and expensive, the field
pursued DNA-based and protein/peptide-based vaccine approaches since then [70,71]. Protein/
peptide vaccines using tumor associated recombinant/purified proteins or synthetic peptides
containing T or B cell epitopes as target tumor antigen have been extensively investigated in
clinical study due to their good safety profiles and ease of quality control [72,73]. However,
due to the poor immunogenicity of protein and peptides, additional adjuvants are necessary to
induce a more potent immune response. Adjuvants can activate innate immune cells, promote
cell-mediated transport of antigens to lymphoid tissues. For example, emulsion adjuvant AS03
and MF59° [74], toll like receptors (TLR) 7/8 agonist [75,76] have been used in clinical trials
together with protein/peptide vaccines. Among them single chain RNA (ssRNA) which can
activate TLR7/8 have also been studied and are now under clinical assessment [77]. Mixtures
of protein/peptide-based vaccines and adjuvants have shown poor anti-tumor efficacy in
clinical trials, which has been ascribed to inefficient co-delivery of antigen and adjuvants to
draining lymph nodes (dLNs), and subsequent immunological tolerance and CTL fratricide
[78]. Recently, various polymeric nanoparticle platforms have been studied for the co-delivery

of antigen and adjuvants to dLNs for improved T cell immunity [79].

mRNA cancer vaccines

In recent ten years, major technological innovation and research investments have enabled
mRNA to become a promising therapeutic tool in the fields of vaccine development and protein
replacement therapy. The use of mRNA for vaccination purposes has several beneficial features
over subunit protein, killed and live attenuated viruses, as well as DNA-based vaccines. Firstly,
there is a safety benefit, since mRNA has the minimal vector enabling transient protein expression
and does not harbor the risk of insertional mutagenesis or permanent genomic alteration.
Additionally, mRNA is degraded by normal cellular processes and no acquired anti-vector
immunity exists [80]. Secondly, there is a better efficiency. Similar to DNA, mRNA vaccines
lack MHC haplotype restriction, unlike peptide vaccination strategies. Thirdly, mRNA vaccines
have the potential for rapid, relatively inexpensive and scalable manufacturing [11]. Finally,
intrinsic costimulatory and inflammatory triggers in addition to the provision of the antigenic

information, makes mRNA an all-in-one molecule that does not need additional adjuvants [81].
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Fig. 3. Schematic overview of injected mRNA vaccines. A balanced cellular and humoral immune response
after vaccination with mRNA vaccines. After intradermal or subcutaneous application of an mRNA vaccine,
antigen-presenting cells (APCs) taken up antigen-coding mRNA to express a protein and at same time are
activated by recognition with Toll-like receptors (TLRs). The activated APCs then present peptides derived
from the endogenously expressed antigens on MHC-I or MHC-II, respectively, which leads to an efficient
priming of the adaptive immune system, the expansion of antigen-specific T and B cells, and a balanced
cellular and humoral immune response. Reproduced with permission [82].

All these features make mRNA vaccine the most promising alternative to conventional vaccine
approaches, and numerous clinical studies to treat cancer are ongoing.

Induction of T-cell immunity is a multi-faceted process comprising antigen acquisition,
antigen processing and presentation, as well as immune stimulation (Fig. 3). While direct
injection of mRNA vaccines is simple and cost-effective, the clinical benefit in cancer patients was
modest and mostly noted as prolonged survival and/or improved quality of life. The RNActive’
mRNA vaccine from CureVac AG failed in a phase IIb trial regarding survival benefit of patients
with metastatic prostate cancer is one typical example (Company annual report). A suboptimal
vaccine delivery platform and an immunosuppressive cancer microenvironment are the major
causes for the poor clinical outcome [83]. To modify the tumor microenvironment, in a number
of mRNA vaccine clinical trials, immune checkpoints inhibitors (PD1/PD-L1), which release
brake on the T cells to kill tumor cells, are co-administered [59,84]. At present, the outcome of
these studies has not yet published. The effectiveness of mRNA vaccines is critically dependent on
making the antigen(s) of interest available to professional antigen-presenting cells, particularly
dendritic cells (DCs). The present methods to achieve this is loading mRNA into DCs ex vivo,
followed by re-infusion of the transfected cells into patients [58]. Most clinical trials are based
on this method, but this form of cell therapy is rather expensive, time-consuming and labor-
intensive. Therefore, an exquisite delivery platform which could efficiently deliver mRNA into
DCs, aid to mRNA endosomal escape, and at same time promote T cell immunity in vivo is
the ultimate objective in the delivery field and will undoubtedly accelerate the progress in

mRNA cancer vaccines development.

|
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| Aim of the thesis and outline

The lack of safe and efficient gene delivery system limits the efforts to develop new RNA drugs
to combat various diseases including genetic disorders, viral infections and cancer. Even though
substantial success has been made with polymeric vectors, their applications has been restricted
by the inefficient in vivo delivery of RNA therapeutics. With the recent technological advances
and better understanding of the fundamental biological mechanisms for different diseases,
development of multifunctional polymeric delivery platforms that will efficiently transport
RNA therapeutics to the target site, are becoming the critical step for clinical translation. In this
thesis, we have investigated different newly synthesized polymers for siRNA and mRNA delivery.
With employing copper-free click chemistry, we were able to design and build multifunctional
polymeric delivery system to fulfill different applications. The delivery target was from tumor
cells with siRNA gene silencing to antigen presenting cells (DCs) for mRNA cancer vaccines.

In Chapter 2, a series of novel polymers containing quaternized amines and a hydrophobic
benzyl groups as backbones and synthesized by reversible addition-fragmentation chain transfer
(RAFT) polymerization were evaluated to deliver siRNA to human ovarian adenocarcinoma
cells. Chapter 3 provides a new method to introduce hydrophobic groups, in this case cholesterol,
to a RAFT synthesized cationic polymer. This polymeric delivery system was designed to locally
deliver therapeutic siRNA to malignant brain tumor for down-regulation of key mediator for
tumor cells invading and proliferation. We expected that cholesterol introduction will enhance
the stability of siRNA polyplexes. The preformed polyplexes were subsequently post-modified
with PEG-cRGD to shield the surface charge and target glioblastoma cells. The transfection
efficiency and cellular uptake of siRNA polyplexes were tested in vitro using U87R cell lines. In
addition, a pilot in vivo study in healthy, non-tumor bearing C57BL/6 mice was carried out to
investigate the safety of this delivery system.

As potent adjuvants are highly demanded for most protein and peptide-based vaccine
candidates in clinical development, a novel ssRNA nanocomplex adjuvant formulation was
developed in Chapter 4. Similar as chapter 3, the preformed PolyU polyplexes were post-
PEGylated via copper-free click chemistry and crosslinked with disulphide bonds to increase
the particle stability. The post-PEGylation kinetics was studied by zeta potential measurements
and fluorescence correlation spectroscopy. The generated ssRNA adjuvant was proved to
efficiently target and maturate DCs in lymph nodes and the adjuvant effect of the immune-
stimulatory ssSRNA adjuvant were tested in vivo by co-injection of soluble ovalbumin (OVA)
as a model antigen. In Chapter 5, a modular core (RNA)-shell (antigen) polymeric reductive
nanoparticle formulation mimicking viral structures as cancer vaccine was constructed using
a cationic polymer as building block. A water-soluble polymer with mannose side groups was
also decorated on the surface of the particles to target DCs. We anticipated that codelivery of an
adjuvant (ssRNA, which is a ligand for Toll-like receptor 7 (TLR7) and TLR8) and an antigen
in structural organization mimicking viruses, will promote the cytotoxic T cell immunity.
The stability of the nanoparticles was evaluated with dynamic light scattering (under reducing

and non-reducing conditions) and the immunogenicity of these vaccines was evaluated both
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in vitro and in vivo. Lastly, to move into the direction from a protein to a mRNA vaccine, in
Chapter 6, different membrane active peptides that potentially can promote DCs endosomal
escape of polyplexes were screend and tested to improve the antigen mRNA translation and
presentation. The mRNA transfection and presentation mechanism and the underlying cellular
trafficking pathway were also investigated. Chapter 7 summarizes the results, and possible

optimization and perspectives of mRNA vaccines are discussed.
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PVTC based polyplexes for siRNA delivery

| Abstract

The success of siRNA gene therapy requires the availability of safe and efficient delivery systems.
In the present study, we investigated poly(vinyl benzyl trimethylammonium chloride) (PVTC)
and its block copolymer with poly(oligo(ethyleneglycol) methacrylate) (POEGMA) as delivery
vector for siRNA. Small polyplexes ranging from 8 to 25 nm in diameter were formed in
aqueous solution by spontaneous self-assembly of both the homopolymer and block copolymer
with siRNA and the formed particles were stable at physiological ionic strength. It was shown
that when human ovarian adenocarcinoma cells were transfected, siRNA polyplexes based
on PVTC (40 kDa) and PVTC-POEGMA-4 (PP4, 34 kDa) efficiently induced luciferase gene

silencing to the same extent as the formulation based on a commercial lipid (Lipofectamine®)

(~ 80%), and showed higher gene silencing than the linear polyethylenimine formulation linear
polyethylenimine (~ 35%). Importantly, the POEGMA block polymers displayed a significantly
lower cytotoxicity as compared to L-pEIL. siRNA polyplexes based on the block polymers
displayed high cellular uptake resulting in ~50% silencing of luciferase expression also in
the presence of serum. These results demonstrate that PVTC-based polymers are promising
siRNA delivery vectors.
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| Introduction

In the past 15 years, RNA interference opened exciting therapeutic possibilities and large
investments have been made for its use to treat various diseases, including viral infections and
cancer [1,2]. siRNA, a short double stranded oligonucleotide with 21-23 base pairs, is a highly
water-soluble polyanion (Mw around 13 kDa), which is rapidly degraded by nucleases in
the extracellular environment [3]. Moreover, siRNAs are unable to spontaneously pass cellular
membranes as both the oligonucleotide and cellular membrane are negatively charged. Since
RNA interference has to occur in the cytoplasm, it is crucial for siRNA to be presented in
the cytosol for exerting its pharmacological activity. Therefore, safe and highly efficient siRNA
delivery systems, which protect these nucleic acid based drugs from enzymatic degradation and
assist in overcoming the delivery barriers are required.

Polymer-based non-viral vectors, especially cationic polymers, have been widely studied for
siRNA delivery both in vitro and in vivo. These polymeric delivery systems are known to have
several advantages such as safety, easy large-scale production, and absence of immune side effects
as compared to viral vectors. Cationic polymers form nano-sized complexes with negatively
charged siRNAs and these complexes can be, depending on their biophysical properties such as
size and charge, internalized by living cells. A great variety of both natural and (semi) synthetic
cationic polymers have been investigated for nucleic acid delivery, including poly(l-Lysine) [4,5],
poly(ethylene imine) [6,7], PDMAEMA [8,9], poly(amido amine)s [10], cationic cyclodextrins
[11] and chitosan [12]. The gene binding capacities and the transfection abilities of these and
other polymers have been summarized in a number of review papers [13-15]. However, one
major obstacle for the translation of non-viral gene delivery systems into clinical application
is their colloidal stability. Cationic polyplexes tend to aggregate/dissociate in the presence of
proteins and other polyanions in blood and other biological fluids, which leads to premature
nucleic acid release [16,17]. A commonly used approach to tackle the poor colloidal stability
of the first generation polyplexes is their surface modification with a neutral and hydrophilic
polymer [e.g., poly(ethylene glycol) (PEG)] that shields their charge and reduces nonspecific
interactions [18-21]. However, several studies have shown that PEGylated polyplexes still
exhibited undesirable release of siRNA payloads and displayed poor pharmacokinetics in animal
models [22-25]. To increase the colloidal stability of PEGylated polyplexes, several sophisticated
methods have been developed including reversible cross-linking for spatio-temporal release
[26,27] and hydrophobic interactions [5,28,29]. Apart from this, several studies have indicated
that the simple conversion of primary into quaternary amines or the use of polymers already
containing quaternary amine groups could enhance the polymer-siRNA binding strength and
lead to the particles that are more colloidally stable in physiological fluids. [17,30-34].

Recently, a novel polymer, poly(vinyl benzyl trimethyl-ammonium chloride) (PVTC)
containing permanently quaternized amines and a hydrophobic benzyl groups as backbone,
was synthesized by RAFT polymerization [35]. This study showed that this quaternized polymer
formed complexes with plasmid DNA with a size ranging of 80-300 nm and with a good particle
stability even in the presence of 300 mM sodium chloride. It is expected that these PVTC-based
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polymers could also form stable particles with siRNA and ensure its successful intracellular
delivery. In this study, we characterized the physicochemical properties of polyplexes formed
with the homopolymer PVTC and block copolymers POEGMA-PVTC and evaluated the ability
of these polyplexes to deliver siRNA into the cells.

| Materials and Methods

Materials

The double-stranded anti-luc siRNA-1(D-002050-01) which specifically targets firefly luciferase
(used against mRNA from pGL3; sense strand: 5'- CUU ACG CUG AGU ACU UCGA - 3°),
siGLO Red(DY-547) Transfection Indicator (D-001630-02) and Non-target siRNA-1(D-
001810-01) were obtained from Dharmacon Bioscience (Lafayette, USA). The homopolymer
poly(vinyl benzyl trimethyl-ammonium chloride) (referred as PVTC) and two different
poly[oligo(ethyleneglycol) methacrylate]-b-poly(vinyl benzyl trimethylammonium chloride)
block copolymers (referred as PP2 and PP4) were synthesized by RAFT polymerization as
described previously [35]. Their molecular characteristics are shown in the Table 1. Linear
polyethylenimine (L-pEI, Mw 25,000) was obtained from Polysciences and Lipofectamine 2000
was from Thermo Fisher Scientific (Etten-Leur, The Netherlands).

Agarose multi-purpose was purchased from Roche Molecular Biochemicals (Mannheim,
Germany). 6x DNA Loading Dye was purchased from Fermentas (St. Leon-Roth, Germany).
SYBR Safe DNAgel stain, Opti-MEM, DMEM medium and dialyzed fetal bovine serum (FBS)
were purchased from Life Technologies (Breda, The Netherlands). Skov3-luc (human ovarian
carcinoma cell line stably expressing firefly luciferase) cells were obtained from CellBioLabs
(San Diego, USA). Luciferase assay kit was purchased from Promega (Leiden, The Netherlands).
All other chemicals, reagents and media were obtained from Sigma-Aldrich (Zwijndrecht,
The Netherlands).

Preparation and characterization of polymer/siRNA polyplexes

Polymer/siRNA polyplexes of nitrogen/phosphate (N/P) ratios from 0.5 to 16 were prepared by
adding 400 pL of polymer solution (varying concentrations in 10 mM HEPES buffer, pH 7.4)
to 200 pL of siRNA (40 ug/mL in 10 mM HEPES buffer, pH 7.4), followed by vortexing for 5

s and incubating at room temperature for 30 min. Particle sizes were measured with dynamic

Table 1. Characteristics of the PVTC-based homo- and block copolymers used in this study.

PVTC POEGMA PVTC
code name M, (g.mol™) M, (g.mol ™) M, (g.mol™) % (w/w) M /M,
PVTC PVTC-40k 39,600 39,600 100 1.28
PP2 PVTC- POEGMA-2 22,400 4,200 18,200 19 1.21
PP4 PVTC- POEGMA-4 33,600 15,400 18,200 46 1.24
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light scattering (DLS) using an ALV CGS-3 system (Malvern Instruments, Malvern, U.K.)
equipped with a JDS Uniphase 22 mW He — Ne laser operating at 632.8 nm, an optical fiber-
based detector, and a digital LV/LSE-5003 correlator with temperature controller set at 25 °C.
The zeta-potential of the polyplexes was measured at 25 °C using a Malvern Zetasizer Nano-Z

(Malvern Instruments, Malvern, U.K.).

Gel retardation assay

Polyplexes prepared at different N/P ratios were made by adding 5 pL of polymer solution
(varying concentration 14-2400 pg/mL in 10 mM HEPES, pH 7.4) to 5 pL of siRNA solution
(40 pg/mL in 10 mM HEPES, pH 7.4), followed by vortexing for 5 s and the dispersions were
incubated for 30 min at room temperature. For release studies with heparin, the sample prepared
at N/P of 8 was mixed with of 5 uL heparin sodium salt (varying concentration 75-900 pg/mL).
Next, 1 pL of sodium chloride (1.54 M) was added to get a final salt concentration of 150 mM,
and the samples were incubated for 10 min at room temperature [36]. After the addition of 3
uL of 6x loading buffer (Fermentas), the mixture was loaded into a 2% agarose gel containing
GelGreen (Biotium) in a tris-acetate-EDTA (TAE) buffer and the gel was developed at 100 V
for 30 min. Next, the gel was analyzed by a Gel Doc XR+ system (BioRad Laboratories Inc.,
Hercules, CA) with Image Labsoftware.

Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) was carried out using a FEI Tecnai T10 microscope
from FEI company (Eindhoven, Netherland). Twenty microliters of polyplexes dispersion
at 20 pg/mL siRNA in 10 mM HEPES, pH 7.4, was placed on a carbon-coated copper grid.
The samples were stained with 2% uranyl acetate. Scale bars were added with a help of I

mage] software.

Cell culture
Skov3-luc cells which stably express firefly luciferase, were cultured in DMEM (4.5 g/L glucose)
supplemented with 10% FBS (Sigma-Aldrich). Cells were maintained at 37°C in a 5% CO, and

humidified air atmosphere.

In vitro luciferase gene silencing efficiency assay

Skov3-luc cells were plated in 96-well plates (7x10° cells/well) cultured in full medium for at
least 24 h until 60-70% cell confluence was reached. The cells were then washed with PBS buffer
and subsequently incubated in medium with or without 10% serum. Next, the siRNA polyplexes
(anti-luciferase or negative control) of varying N/P ratios were prepared as described in section
2.2 (10 mM HEPES buffer, pH 7.4) and added to the cells (siRNA concentration was 100 or 200
nM) and incubated for 4 h at 37°C in a 5% CO,-containing atmosphere. The cells were washed
with PBS, replaced with fresh full medium and further incubated for 44 h. The transfection

experiments were done in triplicate. A transfection formulation with L-pEI prepared at an
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optimal N/P ratio of 10/1 or with Lipofectamine 2000 (1.5 uL +1 pg siRNA), were applied
as positive controls. The cells treated with PBS were used as negative control. The luciferase
protein expression was analyzed using luciferase reporter gene assay (Promega). Briefly, after 44
h, the cells were washed with 100 pL cold PBS and lysed with 50 uL lysis buffer. Next, 20 uL cell
lysate was mixed with 50 pL luciferase assay reagent (Promega) with a microinjector, and after
2's, luminescence was measured for 10 s using a FLUOstar OPTIMA microplate, equipped with
a luminescence light guide (BMG LabTech, Germany). Polyplexes based on the commercially
available transfection agents L-PEI and Lipofectamine 2000 were used as positive controls.
The gene silencing results were corrected for cytotoxicity, and the results are expressed as

relative luciferase expression compared to untreated cells [37].

Cell viability assay

The cytotoxicity of the different polymers or the siRNA polyplexes was determined by
the AlamarBlue assay (Invitrogen). In brief, Skov3-luc cells were incubated with polymer
solutions (concentrations ranging from 2 to 100 pg/mL) or siRNA polyplexes (concentrations
ranging from 100 to 200 nM siRNA, at N/P ratio of 8 or 16) for 4 h in the absence or presence of
serum, and subsequently the medium was replaced by fresh full medium. After 40 h, the medium
was removed and the cells were washed twice with PBS buffer and incubated with freshly made
100 pL1xAlamar Blue-DMEM medium (i.e.10-fold diluted AlamarBlue in DMEM full medium)
for 4 h. Thereafter, 80 uL of medium from the different wells (including 1xAlamarBlue-DMEM
medium as a blank) were transferred into a 96-well plate and the UV optical density (OD) was
measured using a plate reader (Spectrostar, BMG, Germany) at 570 nm and 630 nm, respectively.

Cell viability was calculated as follows:

Cell viability (%) = (OD -0D,)/0D - OD,) x100,

sample control

where OD OD

sample”

the medium of untreated cells, and 1xAlamarBlue-DMEM medium, respectively. The value for

and OD, are the OD values of the medium of transfected cells,

control’

untreated cells was taken as 100% cell viability.

Cellular uptake of polyplexes

Skov3-luc cells were seeded into a 96-well plate (10,000 cells/well) and incubated for 24 h with
the growth medium, DY-547 labeled siRNA was used to prepare polyplexes. Next, the cells were
incubated with the polyplexes (final siRNA concentration was 100 nM, N/P ratio of 16) for 4 h
at 37°C with or without serum. The cells were then washed twice with ice-cold PBS. To quench
the fluorescence of polyplexes associated with the cell membrane, the cells were incubated with
0.4% trypan blue-containing PBS for 5 min and washed with PBS [38]. After trypsinization,
the cells were collected and suspended in PBS. Cellular uptake of siRNA polyplexes was
examined by a flow cytometry with a help of Canto II (BD, USA).



PVTC based polyplexes for siRNA delivery

Confocal laser scanning microscopy studies

Skov3-luc cells were seeded into 96-well pClear” black plates (7000 cells/ well) and incubated
for 24 h. Then, the medium was replaced with fresh medium with or without serum. Polyplexes
with DY-547 labeled siRNA (final siRNA concentration was 100 nM) were added and the cells
were subsequently incubated for another 2 or 4 h at 37 °C. Before the observation, the medium
was replaced with fresh full medium containing Hoechst33342 and Wheat Germ Agglutinin-
Oregon Green® conjugate (Molecular probes, Oregon, USA) for staining the nuclei and cell
membranes, respectively (incubation at 37 °C for 5 min). After washing with PBS, the cells were
fixed with 2% formaldehyde (w/v) (diluted form Pierce™ 16% formaldehyde (w/v) with PBS).
CLSM images were recorded using Yokogawa CV7000S imager (Yokogawa group, Tokyo, Japan)
equipped with a 60x water immersion objective at excitation wavelength of 405, 488 and 561 nm
for Hoechst33342, Oregon Green® 488 and DY-547, respectively.

Statistical Analysis
p Values were determined by Student’s test with two-tailed distribution performed with
the software GraphPad Prism 5 (GraphPad Software Inc.,La Jolla, California). p Values <0.05

were considered as statistically significant.

| Results and Discussion

Physicochemical characteristics of polymer/siRNA polyplexes

Three cationic PVTC-based polymers were used to study their ability to condense siRNA into
nano-sized polyplexes, namely one homopolymer PVTC and two block copolymers composed
of PVTC and POEGMA (PP2 and PP4). The polymer chemical structures are shown in Figure 1.
Compared to plasmid DNA (several kilo bp), siRNA only consists of two short annealed
oligonucleotides of 20-23 bp, and thus has less electrostatic interactions with polycations. As
a result, it is more difficult for cationic polymers to condense siRNA and form stable particles
with this nucleic acid based drug [7,39].

The binding ability of PVTC-based polymers with siRNA was evaluated by a gel retardation
assay. Figure 2 shows that all polymers exhibited good siRNA binding at N/P ratio of 4 and
above, where complete siRNA retardation was observed. Studies have shown that competition
between biologically polyanionic molecules (such as proteins and polysaccharides) and cationic
polyplexes may occur under physiological conditions. This may cause the release of siRNA
from the polyplexes and also can result in shorter circulation kinetics of the nucleic acid and
lower transfection efficiency [40-42]. The strongly negatively charged polysaccharide heparin
was added to the siRNA polyplexes at increasing concentrations to investigate the particle
stability (Figure 2). In this case, polyplexes prepared at N/P ratio of 8 was used for this study
as it was shown in Firgure2 that the polymer already could fully complex the siRNA at N/P
ratio of 8, also sodium chloride (final concentration was 150 mM) was added to polyplexes

to mimic physiological ionic strength during the addition of heparin. We found that siRNA
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Fig. 1. Structures of poly(vinyl benzyl trimethyl ammonium chloride) (left, PVTC x=224) and
poly[oligo(ethylene glycol) methacrylate]- b -poly(vinyl benzyl trimethyl ammonium chloride) block
copolymer (right, PP2 x=38 and y=24, PP4 x=38 and y=87).
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Fig. 2. Agarose gel retardation assay of the PVTC/siRNA (up), PP4/siRNA (middle) and PP2/siRNA
(bottom) polyplexes at different N/P ratios. To study heparin induced polyplex destabilization, siRNA
polyplexes of N/P 8 were incubated with heparin (different concentrations) for 10 mins in 10 mM HEPES
buffer (pH 7.4, containing 150 mM NaCl).
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polyplexes based on all three polymers at N/P ratio of 8 still complexed siRNA strongly at
heparin concentration up to 100 pg/mL. At a heparin concentration of 200 ug/mL and higher,
siRNA was completely released from PP4/PP2 polyplexes, whereas only part of siRNA released
from the PVTC/siRNA polyplexes. This heparin competition study demonstrates that strong
electrostatic interactions occur between the quaternary amine groups of the polymers and
the phosphate groups of siRNA, which is accordance with previous studies [34,37].

To further study the siRNA complexation ability of the different polymers, DLS and zeta-
potential measurements were carried out with siRNA polyplexes. As shown in Table 2, all three
polymers were able to bind to siRNA to yield positively charged polyplexes with an average
diameter smaller than 25 nm (PDI< 0.3). The PVTC polymer, having the longest polycation

segment, formed polyplexes with siRNA of around 20 nm, which was close to the size visualized
by TEM (Figure S1). Interestingly, the PP4 and PP2 polymers with shorter polycation chains
formed particles of smaller diameter, 14 nm and 9 nm, respectively. The smaller size of PP2
and PP4 polyplexes compared to PVTC polyplexes at same N/P ratio could be explained by
the presence of PEG chain, similar results also have been observed in previous studies [28,43].
Such small nanosized siRNA polyplexes (10-20 nm) were also found in previous studies of
polyplexes based a block copolymer of poly(ethylene glycol)-b-poly(L-lysine) (PEG-LL)
[24,44-46]. siRNA polyplexes with diameter around 10 nm were considered as monomolecular
assembly of oppositely charged siRNA and PLL, i.e., a particle composed of a single siRNA
molecule coated with PLL-PEG via electrostatic interactions. We hypothesize that the polymers
used in this study had similar assembling behavior as PEG-PLL, where each polyplex particle
contained one molecule of siRNA.

With increase of N/P ratio, because of the excess of cationic amines, all three polyplexes
showed slightly increase of surface charges (Figure S2). At N/P ratio of 16, the zeta potential
of siRNA polyplexes prepared by homopolymer PVTC was the highest (27.6 mV), whereas
the PP4 and PP2 siRNA polyplexes have lower zeta potential (19.7 and 9.2 mV, respectively)
which can be attributed to the shielding effect of the neutral and hydrophilic POEGMA
moieties [19,47,48].

An effective siRNA delivery system should retain its colloidal stability under physiological
conditions. Therefore, we investigated the stability of the polyplexes (N/P = 16) in 140 mM
NaCl/10 mM HEPES buffer (Figure S3). DLS measurements showed that the size of the three

Table 2. Size and zeta potential of siRNA polyplexes®

Size Zeta potential
Polyplexes (nm) + S.D. (mV) + S.D. PDI
PVTC 19+2 276+ 1.4 0.24
PP4 14+1 19.7 2.1 0.20
PP2 9+1 9.2+32 0.27

*Prepared at N/P = 16 and a siRNA concentration of 10 pg/mL in 10 mM Hepes buffer, pH 7.4.
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different polyplexes remained constant after incubation in this buffer for 24 h, which can be
ascribed to electrostatic repulsion between the nanoparticles due to their relatively high
zeta potential for the PVTC/siRNA polyplexes and steric stabilization of the particles due to
the POEGMA blocks of the PP4/siRNA and PP2/siRNA polyplexes.

In vitro cytocompatibility and gene silencing activity of the polyplexes
The cytotoxicity of the PVTC-based polymers was assessed in the human ovarian
adenocarcinoma cell line (Skov3-luc) in the absence of serum using AlamarBlue assay
(Figure 3). In this experiment, L-pEI was used as control polycation. L-pEI was significantly
more cytotoxic than the PVTC-based polymer at a polymer concentration of 15 pg/mL and
above. The 50% inhibitory concentration (IC, ) for the homopolymer was two times higher than
that of PEI (Table S1). It is known that the cytotoxicity of polycations is a function resulting
from the polyamine nature (i.e., primary, secondary, tertiary, and quaternary amino groups)
rather than its charge density [49,50]. Previous studies have shown that although polymers with
quaternary amine groups have a higher charge density, they exhibited lower toxicity compared
to tertiary polyamines due to their lower cell membrane disruptive activity [32,33,51]. The IC,
values of PP4 and PP2 polymers were substantially higher compared to the PVTC homopolymer
(92 pg/mL vs 32 pg/mL), which may be due to the hydrophilic blocks (POEGMA) but also
because of the shorter amine blocks [52]. For the cell transfection experiments we used
a maximum polymer concentration of 15.6 pug/mL, which is far below their IC, values.

The luciferase gene silencing (RNAi) activities of the siRNA polyplexes in Skov3-luc cells

were examined as a function of the N/P ratio and siRNA concentration both in the absence

Fig. 3. Viability of Skov3-luc cells after incubation with polymers or L-pEI in serum free medium for 4
hours at 37°C. All values are given as the mean + SD (n=3). Representative results from one of the three
experiments are shown. **p < 0.01.
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Fig. 4. Luciferase gene expression after incubation of Skov3-luc cells with siRNA polyplexes in the absence
(A) or presence (C) of serum. Cell viability was measured by AlamarBlue assay after incubation of Skov3-luc
cells with siRNA complexes in the absence (B) or presence (D) of serum. siRNA concentration was 100 or
200 nM. NC: Negative control siRNA. Representative results from one of the three experiments are shown.
All values are given as the mean * SD (n=3). *p<0.05, **p < 0.01, ***p<0.001.

(Figure 4A) and presence of serum (Figure 4C). At N/P 8 and siRNA concentration of 100 nM,
PVTC and PP4 polyplexes showed a knock down of around 80% of luciferase expression, which
was comparable to the efficiency of the lipofectamine formulation and significantly higher than
that of the L-pEI/siRNA polyplexes (~ 35%), as shown in Figure 4A. On the other hand, PP2/
siRNA showed negligible gene silencing activity at N/P ratio of 8. Incubation of the cells with
the three polyplexes prepared at N/P ratio of 16 resulted in similar gene silencing effects as
observed for polyplexes of N/P of 8. Additionally, increasing the polyplexes dose to 200 nM
siRNA did not increase the knock down efficiency. However, increasing the N/P ratio to 16
and the dose of the polyplexes to 200 nM siRNA, led to a drop in cell viability, which can be
explained by the higher concentrations of polymer to which the cells were exposed (Figure 4B).
It should be noted that at N/P of 8 the cytotoxicity of polyplexes was mild (~ 80% cell viability),
being even lower than that of the lipofectamine formulation (~ 45% cell viability). The higher
cell viability of PEGylated PP4/PP2 polymers compared to PVTC at higher N/P ratio and
siRNA dose demonstrates that the POEGMA corona could effectively reduce the cytotoxicity
by shielding the surface charge of polyplexes. Moreover, comparison of the silencing effects

between anti-luciferase siRNA and negative control siRNA polyplexes (N/P 16, Figure 4A)
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supports the fact that the reduced luminescence observed for the polyplex formulations was
due to the specific inhibition of luciferase expression and not because of their cytotoxicity.

The transfection activity of the polyplexes was also investigated in medium with serum
(Figure 4C). Figure 4C shows that at N/P 8 and a siRNA dose of 200 nM , the luciferase knock
down efficiency was substantially decreased to 20-30%. At N/P 16 and siRNA dose of 200 nM
the PVTC and PP4 based polyplexes led to about 60 and 50% gene silencing, respectively, which
was slightly lower than in the absence of serum (70% and 75 % respectively). The reduction
in transfection activity of the polyplexes in the presence of serum might be explained by
the adsorption of negatively charged serum proteins onto the polyplexes surface resulting in
polyplexes destabilization and/or reduced cellular uptake due to the polyplexes charge reversal
[53,54]. The cell viability was maintained close to 100% for all polyplex formulations, and
the cytotoxicity of lipofectamine formulation was reduced as compared to the serum-free

conditions (Figure 4D).

Cellular uptake of siRNA polyplexes studied by flow cytometry and CLSM

The cellular uptake of DY-547 labeled siRNA polyplexes by Skov-3-luc cells was studied using
flow cytometry and confocal laser scanning microscopy (CLSM). Figure 5 presents the percentage
of DY-547 positive cells as well as mean fluorescence intensity (MFI) of the cell population
upon incubation with different formulations in the absence or presence of serum. As shown in
Figure 5A&B, the polyplexes based on PP4 and PP2 showed lower cellular uptake compared to
PVTC/siRNA polyplexes, presumably due to the lower zeta potential as a result of the POEGMA
corona. Moreover, the PP4, PVTC and lipofectamine formulations showed much higher cell
uptake than the polyplexes based on L-pEI and PP2. Additionally, a higher cellular uptake was
observed when the cells were incubated with PVTC and PP4 based polyplexes in the presence
of serum (Figure 5D), which might be caused by the positive charge of the PVTC/siRNA
(27.6 mV) and PP4/siRNA polyplexes (19.7 mV). For positively charged particles the presence
of serum in the incubation medium has shown to increase their cellular uptake [38,55,56]. In
contrast, the cellular uptake level of DY547-siRNA for PP2 and L-pEI polyplexes was negligible
in the presence of serum, most likely due to the low stability of the complexes (Figure 5A&B).
Therefore, the high gene silencing activities of the PVTC/siRNA and PP4/siRNA complexes can
be ascribed to their high cellular uptake.

Examination of polyplexes uptake by Skov-3-luc cells with confocallaser scanning microscopy
confirmed the flow cytometric analysis (Figure 6). As expected, PP2/siRNA complexes showed
the lowest degree of cell internalization. The PP4/siRNA polyplexes displayed time-dependent
uptake in both serum-free and serum-containing media. Moreover, the serum proteins had
an obvious influence on the uptake profile of PP4/siRNA as the subcellular localization of
labelled siRNA significantly differed for the studied conditions (with or without serum).
The more diffused cytosolic signal from the cells incubated with the polyplexes in presence
of serum might indicate higher degree of siRNA release from the polyplexes after cellular

internalization. Interestingly, the uptake profile of PVTC/siRNA polyplexes was also highly
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Fig. 5. Cellular uptake of DY-547 labeled siRNA polyplexes (N/P=16) by Skov3-luc cells in the absence
(W/O) or presence (W/ ) of serum; L-pEI 25kDa and lipofectamine based formulations were used as
controls. (A) Percentage of the DY-547 positive cells. (B) Mean fluorescence intensity of the cell population.
Data represent the means + SD (n = 3). *p<0.05, **p < 0.01, ***p<0.001. (C) Fluorescence histogram of
Skov3-luc cells incubated with the different polyplexes in the presence of serum: untreated cells (red
dots), PP2/siRNA (blue), PP4/siRNA (dark-green) and PVTC/siRNA (green). (D) Fluorescence histogram
of Skov3-luc cells with PP4/siRNA polyplexes in the absence (pink) or presence (dark green) of serum;
untreated cells were used as a blank (red dots).

affected by the presence of serum. In serum-free medium PVTC/siRNA polyplexes displayed
a more diffusive cytosolic signal in contrast to round micrometer-sized vesicles localized in
the perinuclear space observed for cells in a serum-containing medium.

Taken together, the PVTC-based polymers are capable of silencing luciferase expression
both in the absence and presence of serum. The PP4 polymer is the most promising candidate
since it formed small polyplexes (~14 nm) and displayed lower cytotoxicity with good gene
silencing knock down efficiency in the presence of serum (Figure 4). It has been demonstrated in
many studies that the particle size plays an important role for the cellular uptake and subsequent
trafficking of polyplexes [57-60]. For siRNA or DNA delivery systems, endosomal escape is
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Fig. 6. Confocal microscopy images of Skov-3-luc cells after 4 h incubation with different polyplexes in
the absence (Left, W/O) and presence (Right, W/) of serum. All images are overlays of the fluorescent
signals from DY547-siRNA (orange), cell membrane Wheat Germ Agglutinin-Alexa Fluor® 488 (green),
and cell nucleus Hoechst33342 (blue). Bars indicate 20 pum.

considered to be a major bottleneck in the transfection process. Generally, siRNA polyplexes
with a size of 80-200 nm are internalized by clathrin-mediated endocytosis, and those particles
would accumulate in the late endosomes associated with oligonucleotide degradation [1,14].
Recent studies have shown that small-sized particles (< 50 nm) are preferentially internalized
by caveolin-mediated endocytosis to end up in 50 nm sized caveolae, this pathway is known to
avoid vesicle fusion with lysosomes and subsequent siRNA degradation [60-62]. The PVTC-
based polymers in this study complexed siRNA to particles with sizes less than 25 nm
(Table 2). Therefore, we expect that these particles are internalized by cells through caveolin-
mediated endocytosis, avoiding endolysosomal uptake pathways which might explain why
PVTC-based polyplexes possessed such high gene silencing efficiencies. Nevertheless, a detailed

investigation to prove this assumption will be a subject of future studies.

| Conclusions

In this study, we evaluated a series of PVTC-based polymers that are capable of delivering
intact siRNA intracellularly resulting in gene silencing. The quaternary amine groups of PVTC
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enable the polymer to form colloidally stable, small nano-sized particles (< 25 nm) with siRNA.
Polyplexes based on PP4 block copolymer with a hydrophilic and uncharged POEGMA moiety
exhibit excellent gene silencing efficiency without compromising the cell viability both in
the presence and the absence of serum proteins. The results presented in this paper demonstrate
that the PP4/siRNA polyplexes formulations are attractive candidates for siRNA therapy by
means of I.V. administration, as they are large enough to escape rapid renal clearance (~10 nm

cutoff) but small enough to penetrate into the tissues, e.g. solid tumors.

| Acknowledgments
The research was partially supported by China Scholarship Council.

39



40

PVTC based polyplexes for siRNA delivery

| References

1.

K. a Whitehead, R. Langer, D.G. Anderson,
Knocking down barriers: advances in siRNA
delivery., Nat. Rev. Drug Discov. 8 (2009) 129-138.

R. Kole, A.R. Krainer, S. Altman, RNA
therapeutics: Beyond RNA interference and
antisense oligonucleotides, Nat. Rev. Drug
Discov. 11 (2012) 125-140.

R.W. Carthew, EJ. Sontheimer, Origins
and Mechanisms of miRNAs and siRNAs,
Cell. 136 (2009) 642-655.

W. Zauner, M. Ogris, E. Wagner, Polylysine-
based
receptor-mediated delivery, Adv. Drug Deliv.
Rev. 30 (1998) 97-113.

transfection  systems  utilizing

Y. Oe, R.J. Christie, M. Naito, S.A. Low, S.
Fukushima, K. Toh, Y. Miura, Y. Matsumoto,
N. Nishiyama, K. Miyata, K. Kataoka,
Actively-targeted polyion complex micelles
stabilized by cholesterol and disulfide cross-
linking for systemic delivery of siRNA to solid
tumors, Biomaterials. 35 (2014) 7887-7895.

O. Boussif, E Lezoualch, M.A. Zanta,
M.D. Mergny, D. Scherman, B. Demeneix,
J.P. Behr, A versatile vector for gene and
oligonucleotide transfer into cells in culture
and in vivo: polyethylenimine., Proc. Natl
Acad. Sci. U. S. A. 92 (1995) 7297-301.

S. Liu, W. Huang, M.]. Jin, B. Fan, G.M. Xia,
Z.G. Gao, Inhibition of murine breast cancer
growth and metastasis by survivin-targeted
siRNA using disulfide cross-linked linear
PEL Eur. J. Pharm. Sci. 82 (2016) 171-182.

J.Y. Cherng, P. van de Wetering, H. Talsma,
D.J. Crommelin, W.E. Hennink, Effect of
size and serum proteins on transfection
efficiency of poly ((2-dimethylamino)ethyl
methacrylate)-plasmid nanoparticles.,
Pharm. Res. 13 (1996) 1038-42.

P. Van De Wetering, E.E. Moret, N.M.E.
Schuurmans-nieuwenbroek, M.J. Van
W.E. Hennink, Structure-
of Water-Soluble
Cationic Methacrylate / Methacrylamide

Steenbergen,
Activity Relationships

10.

11.

12.

13.

14.

15.

16.

17.

18.

Polymers for Nonviral Gene Delivery,
Bioconjug. Chem. 10 (1999) 589-597.

C.Lin, C.-J. Blaauboer, M.M. Timoneda, M.C.
Lok, M. van Steenbergen, W.E. Hennink, Z.
Zhong, J. Feijen, ].E.J. Engbersen, Bioreducible
poly(amido amine)s with oligoamine side
chains: synthesis, characterization, and
structural effects on gene delivery., J. Control.

Release. 126 (2008) 166-174.

M.E. Davis, J.E. Zuckerman, C.H.]. Choi,
D. Seligson, A. Tolcher, C.A. Alabi, Y. Yen,
].D. Heidel, A. Ribas, Evidence of RNAIi in
humans

from systemically administered

siRNA  via  targeted  nanoparticles,
Nature. 464 (2010) 1067-1070.
V.R. Sinha, R. Kumria, Polysaccharides

in colon-specific drug delivery, Int. J.
Pharm. 224 (2001) 19-38.

S.Y. Wong, J.M. Pelet, D. Putnam, Polymer
systems for gene delivery-Past, present, and
future, Prog. Polym. Sci. 32 (2007) 799-837.

U. Lachelt, E. Wagner, Nucleic Acid Therapeutics
Using Polyplexes: A Journey of 50 Years (and
Beyond), Chem. Rev. 115 (2015) 11043-11078.

J. Chen, Z. Guo, H. Tian, X. Chen, Production
and clinical development of nanoparticles
for gene delivery., Mol. Ther. Methods Clin.
Dev. 3 (2016) 16023.

PR. Dash, M.L. Read, L.B. Barrett, M.A.
Wolfert, L.W. Seymour, Factors affecting
blood clearance and in vivo distribution of
polyelectrolyte complexes for gene delivery,
Gene Ther. 6 (1999) 643-650.

C. Arigita, N.J. Zuidam, D.J.LA. Crommelin,
W.E. Hennink, Association and dissociation
polymer/DNA
complexes used for gene delivery, Pharm.
Res. 16 (1999) 1534-1541.

characteristics of

M. Ogris, S. Brunner, S. Schiiller, R. Kircheis,
E. Wagner, PEGylated DNA/transferrin-PEI
complexes: reduced interaction with blood
components, extended circulation in blood



19.

20.

21.

22.

23.

24.

25.

26.

and potential for systemic gene delivery.,
Gene Ther. 6 (1999) 595-605.

B. Zoetebier, A. Sohrabi, B. Lou, M.A.
Hempenius, W.E. Hennink, G.J. Vancso,
PEG stabilized DNA - poly(ferrocenylsilane)
polyplexes for gene delivery, Chem.
Commun. 52 (2016) 7707-7710.

J.S. Suk, Q. Xu, N. Kim, J. Hanes, L.M. Ensign,
PEGylation as a strategy for improving
nanoparticle-based drug and gene delivery,
Adv. Drug Deliv. Rev. 99 (2016) 28-51.

R. Kircheis, T. Blessing, S. Brunner, L. Wightman,
E. Wagner, Tumor targeting with surface-
shielded ligand-polycation DNA complexes, .
Control. Release. 72 (2001) 165-170.

H.J. Kim, T. Ishii, M. Zheng, S. Watanabe,
K. Toh, Y. Matsumoto, N. Nishiyama, K.
Miyata, K. Kataoka, Multifunctional polyion
complex micelle featuring enhanced stability,
targetability, and endosome escapability for
systemic siRNA delivery to subcutaneous
model of lung cancer, Drug Deliv. Transl.
Res. 4 (2014) 50-60.

A. Malek, O. Merkel, L. Fink, E. Czubayko, T.
Kissel, A. Aigner, In vivo pharmacokinetics,
tissue distribution and underlying mechanisms
of various PEI(-PEG)/siRNA complexes,
Toxicol. Appl. Pharmacol. 236 (2009) 97-108.

RJ. Christie, Y. Matsumoto, K. Miyata, T.
Nomoto, S. Fukushima, K. Osada, J. Halnaut,
E Pittella, H.J. Kim, N. Nishiyama, K. Kataoka,
Targeted polymeric micelles for siRNA treatment
of experimental cancer by intravenous injection,
ACS Nano. 6 (2012) 5174-5189.

H.K. de Wolf, C.J. Snel, FJ. Verbaan, R.M.
Schiffelers, W.E. Hennink, G. Storm, Effect
of cationic carriers on the pharmacokinetics
and tumor localization of nucleic acids
after intravenous administration, Int. J.
Pharm. 331 (2007) 167-175.

L. Novo, KM. Takeda, T. Petteta, G.R.
Dakwar, J.B. Van Den Dikkenberg, K.
Remaut, K. Braeckmans, C.E. Van Nostrum,
E. Mastrobattista, W.E. Hennink, Targeted

27.

28.

29.

30.

31.

32.

33.

PVTC based polyplexes for siRNA delivery

decationized polyplexes for siRNA delivery,
Mol. Pharm. 12 (2015) 150-161.

C. Lin, Z. Zhong, M.C. Lok, X. Jiang, W.E.
Hennink, J. Feijen, J.EJ. Engbersen, Linear
poly(amido amine)s with secondary and
tertiary amino groups and variable amounts
of disulfide linkages:
vitro gene transfer properties., J. Control.
Release. 116 (2006) 130-137.

synthesis and in

H.J. Kim, M. Oba, E Pittella, T. Nomoto,
H. Cabral, Y. Matsumoto, K. Miyata, N.
K. Kataoka, PEG-detachable
cationic polyaspartamide derivatives bearing

Nishiyama,

stearoyl moieties for systemic siRNA delivery
toward subcutaneous BxPC3 pancreatic
tumor, J. Drug Target. 20 (2012) 33-42.

C.E. Nelson, JR. Kintzing, A. Hanna,
JM. Shannon, M.K. Gupta, C.L. Duvall,
Balancing hydrophobic
content of PEGylated siRNA polyplexes
enhances endosome escape, stability, blood

cationic  and

circulation time, and bioactivity in vivo, ACS
Nano. 7 (2013) 8870-8880.

E. Amar-Lewis, A. Azagury, R. Chintakunta,
R. Goldbart, T. Traitel, ]J. Prestwood, D.
Landesman-Milo, D. Peer, J. Kost, Quaternized
starch-based carrier for siRNA delivery: From
cellular uptake to gene silencing, J. Control.
Release. 185 (2014) 109-120.

S.A. Engelberth, N. Hempel, M. Bergkvist,
Modified Dendritic Starch:
A Novel Nanomaterial for siRNA Delivery,
Bioconjug. Chem. 26 (2015) 1766-1774.

Chemically

A. Tamura, M. Oishi, Y. Nagasaki, Efficient
siRNA delivery based on PEGylated and
partially quaternized polyamine nanogels:
Enhanced gene silencing
effect
quaternary amino groups in the core, J.

Control. Release. 146 (2010) 378-387.

activity by

the cooperative of tertiary and

M.L. Patil, M. Zhang, S. Betigeri, O.
Taratula, H. He, T. Minko, Surface-modified
and internally cationic polyamidoamine
dendrimers for efficient siRNA delivery,

Bioconjug. Chem. 19 (2008) 1396-1403.

41



42

PVTC based polyplexes for siRNA delivery

34.

35.

36.

37.

38.

39.

40.

41.

42.

E Delisavva, G.
Quaternized

Mountrichas, S.

Poly{[}3,5-
bis(dimethylaminomethylene)hydroxystyrene]/
DNA Complexes:
a Function of Solution Ionic Strength, J. Phys.
Chem. B. 117 (2013) 7790-7796.

Pispas,

Structure Formation as

E. Haladjova, G.
Pispas, S.

Mountrichas, S.

Rangelov, Poly(vinyl benzyl
trimethylammonium chloride) Homo and
Block Copolymers Complexation with DNA,

J. Phys. Chem. B. 120 (2016) 2586-2595.

Lutz Nuhn, Size-Dependent
Knockdown Potential of siRNA- Loaded
Cationic Nanohydrogel Particles,
Biomacromolecules. 0033 (2014) 4111-4121.

A.K. Varkouhi, G. Mountrichas, R.M. Schiffelers,
T. Lammers, G. Storm, S. Pispas, W.E. Hennink,
Polyplexes based on cationic polymers with
strong nucleic acid binding properties, Eur. J.
Pharm. Sci. 45 (2012) 459-466.

R.J. Naik, P. Chandra,
Ganguli,

A. Mann, M.
Exogenous and cell surface
DNA delivery
efficiency of arginine and lysine homopeptides
J. Biol.

glycosaminoglycans alter

in distinctly different ways,
Chem. 286 (2011) 18982-18993.

C. Scholz, E. Wagner, Therapeutic plasmid
DNA versus siRNA delivery: Common
and different tasks for synthetic carriers, J.
Control. Release. 161 (2012) 554-565.

A. Sato, S.W. Choi, M. Hirai, A. Yamayoshi,
R. Moriyama, T. Yamano, M. Takagi, A.
Kano, A. Shimamoto, A. Maruyama, Polymer
brush-stabilized polyplex for a siRNA carrier
with long circulatory half-life, J. Control.
Release. 122 (2007) 209-216.

G.R. Dakwar, E. Zagato, ]. Delanghe, S.
Hobel, A. Aigner, H. Denys, K. Braeckmans,
W. Ceelen, S.C. De Smedt, K. Remaut,
Colloidal stability of nano-sized particles in
the peritoneal fluid: Towards optimizing drug
delivery systems for intraperitoneal therapy,
Acta Biomater. 10 (2014) 2965-2975.

S. Mao, M. Neu, O. Germershaus, O. Merkel,
J. Sitterberg, U. Bakowsky, T. Kissel, Influence

43.

44,

45.

46.

47.

48.

of polyethylene glycol chain length on
the physicochemical and biological properties
of poly(ethylene imine)-graft-poly(ethylene
glycol) block copolymer/SiRNA polyplexes,
Bioconjug. Chem. 17 (2006) 1209-1218.

S. Lin, E Du, Y. Wang, S. Ji, D. Liang, L. Yu,
Z. Li, An Acid-Labile Block Copolymer of
PDMAEMA and PEG as Potential Carrier for
Intelligent Gene Delivery Systems An Acid-
Labile Block Copolymer of PDMAEMA and
PEG as Potential Carrier for Intelligent Gene
Delivery Systems, (2008) 109-115.

K. Hayashi, H. Chaya, S. Fukushima, S.
Watanabe, H. Takemoto, K. Osada, N.
Nishiyama, K. Miyata, K. Kataoka, Influence
of RNA Strand Rigidity on Polyion Complex
Formation with Block Catiomers, Macromol.
Rapid Commun. 37 (2016) 486-493.

S. Florinas, M. Liu, R. Fleming, L. Van
Vlerken-Ysla, J. Ayriss, R. Gilbreth, N.
Dimasi, C. Gao, H. Wu, Z.-Q. Xu, S. Chen, A.
Dirisala, K. Kataoka, H. Cabral, R.]J. Christie,
Platform To
Bioconjugation and Receptor-Mediated Cell

A Nanoparticle Evaluate
Uptake Using Cross-Linked Polyion Complex
Micelles Bearing Antibody Fragments,
Biomacromolecules. 17 (2016) 1818-1833.

J. Derouchey, C. Schmidt, G.E Walker, C.
Koch, C. Plank, E. Wagner, J.O. Rédler,
Monomolecular Assembly of siRNA and
Poly ( ethylene glycol ) -Peptide Copolymers,
Biomacromolecules. 9 (2008) 724-732.

EJ. Verbaan, C. Oussoren, C.J. Snel, D.J.
a Crommelin, W.E. Hennink, G. Storm, Steric
stabilization of poly(2-(dimethylamino)ethyl
methacrylate)-based polyplexes mediates
prolonged circulation and tumor targeting in

mice., J. Gene Med. 6 (2004) 64-75.

S. Uezguen, O. Akdemir, G. Hasenpusch, C.
Maucksch, M.M. Golas, B. Sander, H. Stark, R.
Imker, J.-F. Lutz, C. Rudolph, Characterization
of Tailor-Made Copolymers of Oligo(ethylene
glycol) Methyl Ether

N,N-Dimethylaminoethyl
Nonviral Gene Transfer Agents: Influence

Methacrylate and
Methacrylate as
on Gene

of Macromolecular Structure



49.

50.

51.

52.

53.

54.

55.

Vector Particle Properties and Transfect,
Biomacromolecules. 11 (2010) 39-50.

D. Fischer, Y. Li, B. Ahlemeyer, J. Krieglstein,
T. Kissel,
of polycations:

In vitro cytotoxicity testing
influence of polymer
structure on cell viability and hemolysis,

Biomaterials. 24 (2003) 1121-31.

K. Kim, W.C.W. Chen, Y. Heo, Y. Wang,
Polycations and their biomedical applications,
Prog. Polym. Sci. 60 (2016) 18-50.

JH. Lee, Y.B. Lim, J.S. Choi, Y. Lee, T. II Kim,
H.J. Kim, J.K. Yoon, K. Kim, J.S. Park, Polyplexes
Assembled with Internally —Quaternized
PAMAM-OH Dendrimer and Plasmid DNA
Have a Neutral Surface and Gene Delivery
Potency, Bioconjug. Chem. 14 (2003) 1214-1221.

D. Fischer, T. Bieber, YX. Li, H.P. Elsasser,
T. Kissel, A novel non-viral vector for DNA
delivery based on low molecular weight,
branched Effect  of
molecular weight on transfection efficiency and
cytotoxicity, Pharm. Res. 16 (1999) 1273-1279.

polyethylenimine:

M.A. Gosselin, W. Guo, R.J. Lee, Efficient
Gene Transfer Using Reversibly Cross-Linked
Low Molecular Weight Polyethylenimine,
Bioconjug. Chem. 12 (2001) 989-994.

H.K. De Wolf, J. Luten, C.J. Snel, C. Oussoren,
W.E. Hennink, G. Storm, In vivo tumor
transfection mediated by polyplexes based on
biodegradable poly(DMAEA)-phosphazene,
J. Control. Release. 109 (2005) 275-287.

G.R. Dakwar, K. Braeckmans, J. Demeester, W.
Ceelen, S.C. De Smedt, K. Remaut, Disregarded
Effect of Biological Fluids in siRNA Delivery:

56.

57.

58.

59.

60.

61.

62.

PVTC based polyplexes for siRNA delivery

Human Ascites Fluid Severely Restricts
Cellular Uptake of Nanoparticles, ACS Appl.
Mater. Interfaces. 7 (2015) 24322-24329.

Q. Yin, Y. Gao, Z. Zhang, P. Zhang, Y. Li,
Bioreducible poly (B-amino esters)/shRNA
complex nanoparticles for efficient RNA
delivery., J. Control. Release. 151 (2011) 35-44.

A. Albanese, PS. Tang, W.C.W. Chan,
The Effect of Nanoparticle Size, Shape, and
Surface Chemistry on Biological Systems,
Annu. Rev. Biomed. Eng. 14 (2012) 1-16.

H. Cabral, Y. Matsumoto, K. Mizuno, Q.
Chen, M. Murakami, M. Kimura, Y. Terada,
M.R. Kano, K. Miyazono, M. Uesaka, N.
Nishiyama, K. Kataoka, Accumulation of
sub-100 nm polymeric micelles in poorly
permeable tumours depends on size, Nat.
Nanotechnol. 6 (2011) 815-823.

W. Jiang, B.Y.S. Kim, J.T. Rutka, W.C.W. Chan,
Nanoparticle-mediated cellular response is size-
dependent., Nat. Nanotechnol. 3 (2008) 145-50.

L. Nuhn, S. Tomcin, K. Miyata, V. Mailander,
K. Landfester, K. Kataoka, R. Zentel, Size-
dependent knockdown potential of siRNA-
loaded cationic nanohydrogel particles,
Biomacromolecules. 15 (2014) 4111-4121.

J.  Harris,
Monaghan, G.
Expression  of

D. Werling, M. Koss, P.
Taylor, C.J. Howard,
caveolin by  bovine
lymphocytes and antigen-presenting cells,
Immunology. 105 (2002) 190-195.

G. Sahay, D.Y. Alakhova, A. V. Kabanov,
Endocytosis of nanomedicines, J. Control.
Release. 145 (2010) 182-195.

43



44

PVTC based polyplexes for siRNA delivery

| Supplementary information

Fig. S1. TEM images of PVTC/siRNA polyplexes prepared at N/P =16. Bar indicated 50 nm.

Fig. S2. Zeta potential of polymer/siRNA polyplexes as a function of the N/P (mol/mol ratio) as measured
by DLS with a siRNA concentration of 10 ug/mL in 10 mM Hepes buffer, pH 7.4.
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Fig. S3. Number-based DLS histograms of polyplexes at N/P of 16 , PP2/siRNA (A), PP4/siRNA(B),
PVTC/siRNA(C).
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Table S1. IC,  of the polymers incubated with Skov-3_luc cells in the absence of serum

Polymer IC, ;! (ug/mL) IC,, based on cationic part (ug/mL)
L-pEI 15 15

PVTC 32 32

PP4 92 42

PP2 n.d. n.d.

‘IC,, is defined as the polymer concentration with 50% cell survival. n.d. means not detected.
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| Abstract

The development of an effective and safe treatment for glioblastoma (GBM) represents
a significant challenge in oncology today. Down-regulation of key mediators of cell signal
transduction by RNA interference is considered a promising treatment strategy but requires
efficient, intracellular delivery of siRNA into GBM tumor cells. Here we describe novel
polymeric siRNA nanocarriers functionalized with cRGD peptide that mediate targeted
and efficient reporter gene silencing in U87R invasive human GBM cells. The polymer was
synthesized via RAFT copolymerization of N-(2-hydroxypropyl)-methacrylamide (HPMA)
and N-acryloxysuccinimide (NAS), followed by post-polymerization modification with
cholesterol for stabilization, cationic amines for siRNA complexation and azides for copper-free
click chemistry. The novel resultant cationic polymer harboring a terminal cholesterol group,
self-assembled with siRNA to yield nanosized polyplexes (~ 40 nm) with good colloidal stability
at physiological ionic strength. Post-modification of the preformed polyplexes with PEG-cRGD
end-functionalized with bicyclo[6.1.0]nonyne (BCN) group resulted in enhanced cell uptake
and increased luciferase gene silencing in U87R cells, compared to polyplexes lacking RGD
targeting groups. Toxicity studies in C57BL/6 mice showed that the PEG-cRGD polyplex system

is well-tolerated in vivo when delivered either locally or parenterally.
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| Introduction

GBM is the most common malignant brain tumor in adults and is an incurable disease
characterized by rapid tumour growth, neovascularization and aggressive invasion throughout
the brain [1]. The standard of care (SOC) for GBM is maximal safe surgical resection followed
by radiation therapy with concomitant and adjuvant Temozolamide (TMZ) delivered via
the established “Stupp protocol” [2]. Notwithstanding, patients diagnosed with GBM have
a devastatingly low median life expectancy of less than 2 years, with SOC treatment remaining
largely palliative. There is therefore an urgent need for new therapeutic modalities.

RNA interference (RNAI) is an established therapeutic approach based on the delivery of
small interfering RNAs (siRNAs) into target cells to induce sequence-specific gene silencing.
While RNAI has significant potential as a therapeutic strategy in oncology [3,4] the therapeutic
utility of ‘unpackaged’ siRNAs is limited due to their intrinsic instability and poor delivery
into target tissues. Moreover, delivery in the setting of GBM is further limited by the poor
penetration of drugs into the tumor due to the presence of the blood brain and blood tumour
barriers. Targeting of integrins has been demonstrated to be a rational approach to circumvent
these delivery and penetration issues. These proteins are key mediators in GBM cell growth,
invasion and angiogenesis with a 3, and a 3_ integrin family receptors further overexpressed on
the endothelial cells of tumor vessels. Arg-Gly-Asp motifs (RDG) binds to these integrins and
thus allows selective targeting. To date, several studies have demonstrated the utility of an RGD
based targeting strategy in the GBM setting [5].

To effectively implement RNAi as a strategy in the treatment of GBM, an effective
biodegradable delivery system is essential. To this end, a number of cationic polymers have been
employed for siRNA delivery, including poly(ethylene imine),[6] poly(l-Lysine),[7] poly(amino
amine)s [8], and N-(2-hydroxypropyl)-methacrylamide (HPMA)-based cationic polymers
[9-11]. Moreover, Poly(N-(2-hydroxypropyl)-methacrylamide) (pHPMA) has been approved
for clinical use following demonstration of a favourable safety profile [12,13]. A pHPMA
derivative- p(HPMA-DMAE) has further been studied for gene delivery in ovarian cancers
having the advantage of intrinsic degradable properties [14] and low cytotoxicity [15]. However,
an inherent problem with positively-charged siRNA polyplexes is the tendency to aggregate or
dissociate upon interaction with serum proteins, leading to premature siRNA release in vitro
[16-18]. Currently, PEGylation of gene delivery carriers is the typical approach to improve
stability and pharmacokinetic profiles [19]. The most common strategy involves the direct
introduction of PEG into the synthetic polymer chains as diblock or graft copolymer. However,
the presence of PEG during complexation directly influences the nucleic acid complexation
and condensation capacity as well as size and morphology of formed nanoparticles, due to
the anti-compaction force from PEG steric repulsion [20-22]. One alternative strategy involves
post-PEGylation of the desired polyplexes, with several studies showing that this method can
increase stability in vivo [23,24]. However, the presence of a PEG corona covering the surface
of polyplexes also has drawbacks; it inhibits cellular uptake and endosomal escape of the siRNA

complexes, potentially leading to a substantial decrease in the gene silencing efficiency [25].
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One method to resolve this (PEG) dilemma is the linking of PEG to the siRNA complexes via
disulfide bonds, enabling PEG detachment from the siRNA complex in response to changes
in environmental redox potential [26,27]. To further increase the stability of PEGylated
siRNA polyplexes, additional sophisticated approaches have been explored including disulfide
crosslinking [28], quaternary amines [29,30] and hydrophobic interactions [20,27,31]. In
particular, hydrophobic moieties, eg cholesterol, can assist the spontaneous assembly of
polyplexes through hydrophobic interactions in aqueous solutions, rendering polyplexes more
resistant to dissociation, eventually leading to a long longer circulation times in vivo [7,32].

To circumvent the many challenges discussed above, we have designed and implemented
a novel polymeric siRNA nanocarrier functionalized with cRGD peptide to facilitate GBM
cellular uptake. The nanocarrier supports efficient delivery of RNAi to GBM cells, and mediates
efficient reporter gene silencing in a targeted manner. Herein, we describe the synthesis,
characterization and utility of w-cholesteryl p(HPMA-r-NAS) polymers containing the reactive
group NAS using RAFT polymerization. Cholesterol conjugation was performed by heating
the polymer in the presence of a cholesterol-modified radical initiator, to form a stable group
at the w chain-end. After polymerization, the NAS groups of the polymer were modified with
reducible azide groups containing disuifide bonds. HPMA groups were further derivatized with
a cationic group (N,N’-dimethyl-aminoethanol, DMAE) coupled to the secondary hydroxyl
group of HPMA via a hydrolysable carbonate ester. The resulting polymers formed small siRNA
polyplexes through both polycation electrostatic interaction and siRNA and hydrophobic
interaction via cholesterol. Subsequently, these polyplexes were post-modified with PEG-cRGD
modified with bicyclo[6.1.0]nonyne (BCN) using copper-free click chemistry to shield surface
charge and enable ligand-mediated cell binding and uptake. In vitro experiments showed
enhanced cellular uptake of PEG-cRGD modified polyplexes, which in turn resulted in improved
transfection efficiency as compared to non-PEGylated particles. In vivo rodent toxicity studies
showed that the newly developed particles were well-tolerated when delivered either locally

or parenterally.

| Materials and methods

Materials

N-(2-hydroxypropyl) methacrylamide (HPMA) [33], 2-(dimethylamino)ethyl "H-imidazole-
1-carboxylate (DMAE-CI) [14], and imidazole-1-sulfonyl azide hydrochloride [34] were
synthesized as previously described. Azobis(isobutyronitrile) (AIBN), 4,4’-azobis (N,N’-
cyanopentanoicacid) (V501), cholesterol, dicyclohexylcarbodiimide (DCC), 4-(dimethylamino)
pyridine (DMAP) and all other reagents and solvents used in the synthesis were obtained
from Sigma-Aldrich and were used without further purification. 2,5-Dioxopyrrolidin-1-
yl  4-((((1R,8S,9s)-bicyclo[6.1.0] non-4-yn-9-ylmethoxy)carbonyl)amino)butanoate (BCN,
SX-A1036) was purchased from Synaffix BV (Oss, The Netherlands). cRGD-azide was provided
by ChinaPeptides Co.,Ltd. (Shanghai, China). Agarose multi-purpose was purchased from
Roche Molecular Biochemicals (Mannheim, Germany). 6x DNA Loading Dye was purchased
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from Fermentas (St. Leon-Roth, Germany). SYBR Safe DNA gel stain, Lipofectamine 2000,
DEME/F12 medium, Opti-MEM, G418 and heat inactivated fetal bovine serum (HI-FBS)
were purchased from Life Technologies (Breda, The Netherlands). Luc2 siRNA targeted for
luc2 luciferase, scrambled siRNA (siCon) and a Cy5-labeled Luc2 siRNA were obtained from
Dharmacon, Inc. (Eindhoven, The Netherlands). The sequence of the sense strand of the Luc2
siRNA is 5-GGACGAGGACGAGCACUUCUU-3, and the antisense strand sequence is
3’-UUCCUGCUCCUGCUCGUGAAG-5. The Cy5 fluorophore within the Cy5-labeled Luc2

siRNA was conjugated to the 3 ‘terminus of the anti-sense strand.

Synthesis of monomers

Synthesis of cholesteryl V501 derivative (C-V, -C)

The procedure as shown in Figure 1a was used to synthesize C-V, -C. DCC (4.85 g, 23.5
mmol) was dissolved in dry DCM (100 mL) and stirred in an ice-water bath under an argon
atmosphere. Next, V501 (3.00 g, 10 mmol) and DMAP (0.29 g, 2.35 mmol) were added and
the mixture was stirred for 5 mins followed by the addition of cholesterol (8.25 g, 21.3 mmol).
After 4 h, the ice-water bath was removed, and the solution was kept at room temperature for
16 h and then filtered to remove the solids. DCM was removed under reduced pressure, and
the crude product was dissolved in DCM and purified by silica gel chromatography with DCM
as eluent yielding C-V  -C as a white solid in 45% overall yield (4.80 g, R, = 0.47). The monomer
was characterized by ATR-IR and 'H NMR (400 MHz, CDCI,) (Figure S1).

Synthesis of 2-((2-azidoethyl) disulfanyl) ethan-1-amine hydrochloride (AEDA)

The synthesis procedures were similar as previously published with slight modifications
(Scheme S1) [34]. Typically, cystamine dihydrochloride salt (3.22 g, 14.3 mmol), K,CO, (6.00
g, 43.4 mmol) and CuSO,.5H,0 (35.73 mg, 143.1 umol) were dissolved in methanol (60 mL).
Imidazole-1-sulfonyl azide hydrochloride (3.00 g, 14.3 mmol) was added to the suspension and
the mixture was stirred at room temperature for 12 h. Next, the mixture was concentrated by
evaporation of the solvent under reduced pressure, diluted with H O (180 mL), and extracted
with DCM (3x120 mL). The combined organic layers were dried (MgSO,), filtered and
concentrated. Silica gel flash chromatography gave yellow waxy solids (DCM/MeOH/NH,OH,
50:2:1-80:20:1), the yield was 0.80 g (32%, R = 0.5). The monomer was characterized by ATR-IR
and NMR 8§ '"H NMR (400 MHz, DMSO-d,) (Figure S3).

Polymer synthesis

Synthesis of BCN-PEG and BCN-PEG-cRGD

NH,-PEG,,,,-COOH (100 mg, 0.02 mmol, 1 equiv), and cyclooctyne-NHS (BCN-NHS; 9.0 mg,
0.024 mmol, 1.2 equiv) and triethylamine (8.5 pL, 0.06 mmol, 3 equiv) were dissolved in 1.3

5000

mL DMSO, the reaction mixture was stirred at room temperature overnight. The final product
was precipitated in cold ether twice, then dissolved in milliQ water, followed by dialysis against
water (MWCO: 3000, Merck Millipore, Germany) for two days. After filtration and freeze-

51



52

RGD-decorated cholesterol stabilized siRNA polyplexes

drying, the BCN-PEG-COOH (BCN-PEG) was obtained as a white powder (90 mg, 85.7%). 'H
NMR (400 MHz, DMSO): § = 7.05(s, 1H;OC(=0)NH), 7.05(s, 1H;C=ONH), 4.52 (t, 2H; PEG-
OH),4.00 (d, 2H; BCN-CH,-O(=0)), 3.66 (t, 2H; PEG-CH,), 3.48 (bs, 440H; PEG), 3.04 (s, 2H;
OCONHCH,), 2.90 (s, 2H; C=ONHCH,), 2.0-2.21(m, 4H; CH,C(=0)NH,, alkane),1.99 (m, 2H;
NHCH,CH,),1.69-1.41 (m, 6H; alkane), 1.54-1.13 (m, 1H; alkane), 0.80-0.71 (m, 2H; alkane).

To a solution of NH,-PEG_-NH, (300 mg, 0.05 mmol) in DMSO (1.5 mL), cyclooctyne-
NHS (BCN-NHS; 75.3 mg, 0.2 mmol, 4 equiv) and trimethylamine (41.8 uL, 0.3 mmol, 6 equiv)
were added. The solution was subsequently stirred for 16 hours at room temperature. Next,
the solution was dropped into cold ether twice to precipitate the formed product. The precipitate
was subsequently dissolved in 10 ml water and dialyzed against water using a membrane with
a molecular weight cut off of 3000 for two days. After filtration and freeze drying, BCN-PEG-
BCN was obtained as a white powder (270 mg, 85.7%). Then, BCN-PEG-BCN (41.6 mg, 6.41
pmol) was dissolved in 1 mL dry DMSO, followed by the addition of cylic RGD-azide (4.0 mg,
6.41 pmol), the obtained solution was stirred for 16 hours at room temperature. Next, 10 mL
water was added and the product was obtained after freeze drying. Subsequently, the product
was dissolved in 5 mL water and dialyzed against water for two days using a membrane with
a molecular weight cut off of 3000. The product was obtained in a yield of 90%. The amount of
cRGD conjugated to BCN-PEG-BCN was determined using "H NMR analysis based on the peak
intensity ratio of phenyl protons of the cRGD peptide (7.0-7.2 ppm) to ethylene protons of
PEG (-CH,-CH,-, 3.4-3.6 ppm) (Figure $6). The product was analyzed by SEC (Figure S7)
and the shift of the PEG peak to a slightly shorter retention time proved that a product with
higher molecular weight was obtained and thus showed the successful conjugation of cRGD and
BCN-PEG. It should be noted that the applied procedure resulted in the formation of a statistical
mixture of BCN-PEG-cRGD, cRGD-PEG-cRGD and unreacted BCN-PEG-BCN.

Synthesis of p(HPMA-r-NAS) (pHN) by RAFT polymerization

p(HPMA-r-NAS) was synthesized by reversible addition fragmentation chain
transfer (RAFT) copolymerization as previously published[35]. Briefly, 4-cyano-4-
[(dodecylsulfanylthiocarbonyl)-sulfanyl] pentanoic acid (CDTPA) was used as chain transfer
agent (CTA), and AIBN as initiator (I). The polymer was synthesized using monomers (HPMA/
NAS) to chain transfer agent and initiator ratio (monomers/CTA/I) of 100/1/0.1 (mol/mol/mol)
and feed ratio HPMA/NAS of 70/30 (mol/mol). 1,3,5-Trioxane was added as internal NMR
standard with a final concentration of 0.1 M. After purging the solution with argon for half an
hour, the polymerization was carried at 70 °C for 9 h in dry DMF under argon, using a final
monomer concentration of 1.0 M. After polymerization, the conversion of the monomers was
analyzed by 'H NMR spectroscopy by dilution a sample of the reaction mixture 10 times with
DMSO-d,. The synthesized polymer was precipitated into a mixture of anhydrous acetone and
diethyl ether (50/50, v/v). The procedure was repeated for three times and the product was dried
in vacuo prior to 'H NMR and GPC analysis (yield: 60%). The theoretical molecular weight was

calculated as follows: M (theory)=[monomer]/[CTA] x (conversion(HPM 2 % Mw(HPM X 0.7 +
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conversion o X Mw o X 0.3) + Mw_,,, the ratio of [monomer]/[CTA] was 100. 'H NMR (400
MHz, DMSO-d,); 8ppm; 0.95-1.52 (backbone-CH,, CH,CH(OH)), 1.55-2.41 (backbone CH,,

backbone-CH),3.00-3.33 (CH,NH), 3.5 (NHS-CH,), 3.90 (CHOH) (Figure 2).

Radical Cross-Coupling of pHN with C-V_ -C (C-pHN)

The reaction process was based on previously published methods.[36] p(HPMA-r-NAS) (400
mg, 40.5 pmol, calculated based on the M (theory)= 9800 g/mol) and C-V501-C (1238 mg,
1217 umol) were dissolved in 4 mL dry DMF, and the solution purged with argon for 30minutes.
Subsequently, the flask was put into the preheated oil bath (70 °C) and incubated for 4 h.
A control polymer without cholesterol modification was synthesized as follows: p(HPMA-r-
NAS) (100 mg, 10.1 umol, calculated based on the M (theory)= 9800g/mol) and AIBN (50 mg,
304 umol) were dissolved in 1 mL dry DMF and heated at 70 °C for 4 hours under an argon
atmosphere. The product was precipitated two times in a mixture of anhydrous acetone and
diethyl ether (50/50, v/v), dried in vacuo prior to "H NMR and GPC analysis (yield: 65%).

Synthesis of Cholersteryl p(HPMA-DMAE-r-AEDA) (C-pHDA)

The cholesteryl copolymer (C-pHN, 300 mg) (0.56 mmol of NAS, 1.44 mmol of HPMA) was
dissolved in 3 mL dry DMSO and flushed with argon for 30 min. Next, 72 mg (0.40 mmol) of
2-((2-azidoethyl) disulfanyl) ethan-1-amine hydrochloride (AEDA) was added to this solution
under argon purge. Then, 340 mg (3.36 mmol) of triethylamine was injected into the reaction
vessel and the solution was stirred at 35 °C. After 48 h, 84 mg (1.2 mmol) of d,]-amino-2-
propanol was injected into the reaction mixture and the solution was stirred for 16 hours at
room temperature. The modified polymer was precipitated twice into a mixture of anhydrous
acetone and diethyl ether (50/50) and dried in vacuo to get the white colored product C-pHNA
(yield: 63%). The resulting polymer was then dissolved in 2 mL dry DMSO. DMAE-CI (3.4 g,
14.4 mmol) was added and the solution was flushed with argon. After 72 hours of reaction at
room temperature, the solution was diluted with 20 ml of 5 mM ammonium acetate buffer (pH
5) and purified with same buffer by ultrafiltration for 24 h using a membrane with MWCO
of 3000. The resulting polymer solution was filtered with 0.2 mm filter and the polymer was
obtained after freeze drying (yield 94.7 mg).

Characterization of polymer

The copolymer composition of the different polymers was determined by '"H NMR analysis
performed with a Gemini 400 MHz spectrometer (Varian Associates Inc., NMR Instruments,
Palo Alto, CA). The polymers were dissolved in D,0 or DMSO-d.. The molecular weights
and molecular weight distributions of the synthesized copolymers pHN and C-pHN were
determined by gel permeation chromatograpy (GPC) [37]. For the polymer C-pHNA and
C-pHDA, the molecular weights and molecular weight distributions were determined by GPC
using a Viscotek-GPC max (Viscotek, Oss, The Netherlands) light scattering (A = 670 nm, right
(90°) and low (7°) angle)/viscosimetric detection system, using a ultrahydrogel 2000, 7.8 x 300
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mm column in series with a ultrahydrogel 6.0 x 40 mm guard column (Waters) and 0.3 M NaAc,
pH 4.4, 30% acetonitrile as eluent [38]. The flow rate was 0.6 mL/min and the run time was 50
min. PolyCAL™ PEO standard (M, =24 kDa, PDI=1.01, Malvern) was used for calibration.

Preparation and characterization of polymer/siRNA polyplexes

siRNA polyplex preparation

siRNA duplexes for target genes were purchased from IDT (Coralville, IA, USA). The siRNA
polyplexes preparation process consisted of 3 consecutive steps: complexation, pegylation, and
lyophilization. Briefly, for complexation, four volumes of polymer and one volume of nucleic acid
both dissolved in 10 mM NaOAc buffer, pH 5, at the desired N/P ratio, were mixed by vortexing
with a final siRNA concentration of 50 pg/mL. For pegylation, BCN-PEG (BCN-PEG-COOH)
or BCN-PEG-cRGD as added to the polyplexes at the amount of PEG equivalent to 60 mol% of
azide of the polymer used for preparing polyplexes and left to react for 2 h at room temperature.
For freeze-drying of the polyplexes, sucrose was added to the polyplex formulation to a final
concentration of 5% before snap-freezing in liquid nitrogen. Frozen samples were freeze dried

overnight using an Alpha 1-2 LD plus freeze dryer (Marin Christ, Osterode, Germany).

Particle size and zeta-potential measurements

Particle sizes of the polyplexes (10 pug/mL siRNA concentration) were measured with dynamic
light scattering (DLS) using an ALV CGS-3 system (Malvern Instruments, Malvern, U.K.)
equipped with a JDS Uniphase 22 mW He—Ne laser operating at 632.8 nm, an optical fiber-based
detector, and a digital LV/LSE-5003 correlator at 25°C. The zeta-potential of the polyplexes was
measured at 25 °C using a Malvern Zetasizer Nano-Z (Malvern Instruments, Malvern, U.K.) in
10 mM HEPES buffer. To detach PEG from C-pHDA/siRNA polyplexes, the polyplexes were

incubated with 10 mM DTT at room temperature before measurement.

Gel retardation assay

Polyplexes prepared at different N/P ratios were made by adding 5 pL of polymer solution
(concentrations varying between 14-2400 pg/mL in 10 mM HEPES, pH 7.4) to 5 pL of siRNA
solution (40 pg/mL in 10 mM HEPES, pH 7.4), followed by vortexing for 5 s and the dispersions
were incubated for 30 min at room temperature. For release studies with heparin, the sample
prepared at an N/P of 8 (10 uL) was mixed with of 5 pL heparin sodium salt (concentrations
varying between 75-900 pug/mL). Next, 1 puL of sodium chloride (1.54 M) was added to get a final
salt concentration of 150 mM, and the samples were incubated for 10 min at room temperature
[39]. Next, the gel was analyzed by a Gel Doc XR+ system (BioRad Laboratories Inc., Hercules,
CA) with Image Labsoftware.

Transmission Electron Microscopy (TEM)
Transmission electron microscopy (TEM) was carried out on a FEI Tecnai T10 microscope

from FEI company (Eindhoven, The Netherland). Twenty microliters of polyplex dispersion of
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50 ug/mL siRNA in 10 mM HEPES, pH 7.4, was placed on a carbon-coated copper grid and left
to dry. The samples were stained with 2% uranyl acetate. Scale bars were added with a help of

Image] software.

In vitro cytotoxicity and cell transfection study

Human glioblastoma cells (line U87R-GFP; gift from Peter Forsyth, Moffitt Cancer Center, FL,
USA) modified with luciferase were cultured in Dulbecco’s Modified Eagles Medium (DMEM)
F12 supplemented with 10% fetal bovine serum and 200 ug/ml G418 as previously described
[40]. Cells were seeded at a density of 10,000 cells per well in 96 well plate 24 hours prior
to polyplex addition. Cells were cultured in (10% HI FBS,) before transfection, the medium
was removed and replaced with opti-MEM or culture medium containing 10% FBS. siRNA
polyplexes were then added to each well at a final siRNA concentration of 100 and 200 nM.
Lipofectamine 2000 (Invitrogen, Karlsruhe, Germany) (Lipo) was used as positive control (100
nM siRNA, Lipo/siRNA volume/weight ratio of 3/1), and formulations containing scrambled
siRNA and PBS treated cells were used as negative controls. After 4 h incubation, the medium
was replaced with culture medium containing 10% FBS.

To determine cytotoxicity of the polyplexes the Alamar Blue cell viability assay (Invitrogen,
Karlsruhe, Germany) was carried out. 44 h hours following transfection, the cell medium was
replaced with medium containing Alamar Blue (50 nM) and incubated for 4 h. Next, 80 pL
of medium from each well was then transferred into a flat-bottom 96-well plate.The relative
cell metabolic activity was calculated by normalizing the absorbance at 570 nm (reference
wavelength of 630 nm) with the absorbance of PBS-treated cells.

Luciferase cellular expression was measured 48 h after transfection. Cells were washed
with 100 pL cold PBS and lysed with 100 pL lysis buffer. Subsequently, 50 pL luciferase assay
reagent (Promega) was added to 20 pL cell lysate using a microinjector, and luminescence
measured after 2 seconds using a white microplate, using an FLUOstar OPTIMA equipped with
a luminescence light guide (BMG LabTech, Germany). To normalize for transfection efficiency,
the GFP intensity was also measured. The relative luciferase activity in each well was obtained
by dividing the luminescence intensity by the corresponding GFP fluorescent intensity. This

activity was then normalized against the PBS-treated control samples [41].

Cellular uptake of polyplexes studied by Flow cytometry

U87R-GFP-Luc2 cells were seeded into a 96-well plate (30,000 cells/well) and incubated with
polyplexes prepared as described above using Cy5 labelled siRNA (final siRNA concentration
was 100 nM, N/P ratio of 8) for 4 h at 37 °C in medium with serum incomplete sentence). For
the cRGD competition study, the cells were first treated for 1 h with 200 nM cRGD before addition
of polyplexes. Cells were then washed twice with ice-cold PBS. To quench the fluorescence of
polyplexes associated with the cell membrane, the cells were incubated with 0.4% trypan blue-
containing PBS for 5 min and washed with PBS.[42] Following trypsinization cells were collected
and suspended in PBS. Cellular uptake of siRNA polyplexes was then examined through flow
cytometry with help of Canto II (BD, USA).
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Confocal laser scanning microscopy studies

U87R-GFP-Luc2 cells were seeded into 96-well pClear” black plates (20,000 cells/ well) and
incubated for 24 h in full medium. Polyplexes with Cy5 labeled siRNA (final siRNA concentration
was 100 nM, N/P ratio of 8), were added and the cells were subsequently incubated for another
4 h at 37 °C. For the cRGD competition study, the cells were first incubated with 200 nM cRGD
for 1 h before adding the polyplexes. Prior to imaging, the medium was replaced with fresh full
medium containing Hoechst33342 and Lysotracker Red (Molecular probes, Oregon, USA) for
staining the nuclei and lysosomes (incubation at 37 °C for 20 min). After washing with PBS,
CLSM images were recorded using Yokogawa CV7000S imager (Yokogawa group, Tokyo, Japan)
equipped with a 60x water immersion objective at excitation wavelength of 405, 488, 561 and
646 nm for Hoechst33342, GFP, Lysotracker Red and siRNA-Cy5, respectively.

In vivo toxicity studies

All in vivo studies were performed at the Royal College of Surgeons in Ireland with experimental
protocols approved by the RCSI Animal Research Ethics Committee (AREC). All work was
further performed according to national regulations under Health Products Regulatory
Authority HPRA license number AE19127/P033 and the NIH Guide for Care and Use of
Laboratory Animals. Animals (Adult, female, C57BL/6 mice) were bred in the RCSI facility and
maintained in individually ventilated cages in a specific pathogen free environment throughout
the study. Mice were housed in groups of 5 and maintained on a 12-hour light/dark cycle, with
free access to standard rodent chow and water. PEG-cRGD polyplexes containing scrambled
siRNA (PP-siRNA) were prepared at N/P 8 according to the above procedure (IDT Scrambled
anti-sense: UCA CAA GGG AGA GAA AGA GAG GAA GGA; Sense: CUU CCU CUC UUU
CUC UCC CUU GUG A). Mice were randomized into four groups and treated polyplexes were
administered either systemically via IV injection or locally via intracranial injection.

Mice received either: a) intravenous PP-siRNA as a direct injection into the lateral tail-vein
(IV; 3 injections a week for 2 weeks; 10 mg siRNA, 100 ml volume), b) intravenous vehicle
(PBS; 3 injections a week for 2 weeks; 100 ml volume), c) intracranial PP-siRNA (IC Stereotaxic
injection; 2 injections 7 days apart; 10 mg siRNA, 10 ml volume) or d) intracranial vehicle
(PBS; IC Stereotaxic injection; 2 injections 7 days apart, 10 ml volume). To perform intracranial
administration, animals were maintained under anesthesia of 1.5% isofluorane/1LO2 and
placed in a stereotaxic frame. The bregma was located and a burr hole made 2mm to the right.
Polyplexes were administered 2mm below the surface using a Hamilton syringe. Mice were
scored daily during the treatment period followed then by regular monitoring (weight measured
3 times a week; daily observation) for changes in weight, behavior or emergence of adverse
neurological effects. Three weeks following treatment end mice were euthanized and tissue

collected for full veterinary pathological analysis.
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Statistical analysis

p Values were determined by Student’s test with two-tailed distribution performed with
the software GraphPad Prism 5 (GraphPad Software Inc. La Jolla, California). p Values <0.05

were considered as statistically significant.

| Results and discussion

Synthesis and characterization of random copolymers

A random copolymer poly (HPMA-r-NAS) (pHN) was synthesized by RAFT polymerization,
as shown in Figure 1b, through a procedure described previously [35]. Due to the significantly
different reactivity ratios of HPMA (r, ., = 0.29) and NAS (r
ofthose two monomers could lead to the compositional drift during polymerization. Interestingly,
Moraes et al. found that RAFT polymerization of HPMA and NAS in DMF at a specific feed ratio
of 30 mol% NAS resulted in a minimal compositional drift [35]. Therefor, pHN was synthesized

=1.99), RAFT copolymerization

using this feed ratio at a total monomer concentration of 1 M (Figure 1b). The monomer
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Fig. 1. a) Synthesis of cholesteryl V501 derivative (C-V,  -C); b) Synthesis of cholesteryl p(HPMA-1-
NAS) (C-pHN); c¢) GPC traces of pHN (blue) and C-pHN (red).
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conversions were determined using the ratio of the vinyl peak of the monomers (5.61 ppm for
HPMA and 6.31 ppm for NAS) to the methylene peak (5.07 ppm) of internal standard 1,3,5-
trioxane. "H NMR analysis showed that after a reaction time of 9 hours the conversions of HPMA
and NAS were 64 and 57 %, respectively. After purification, the copolymer composition was also
determined by '"H NMR spectroscopy. The molar ratio of HPMA/NAS in the copolymer was
calculated by comparing the integrals at 3.65 ppm (methine protons of HPMA) and at 2.79
ppm (methylene protons of NAS), with a result of 28% mol of NAS in the copolymer (Figure
2). The is in excellent agreement with the value of NAS composition (29%) as determined by
the conversion of the monomers, which suggests the NAS groups were not hydrolyzed during
the polymerization and precipitation processes. GPC analysis showed that the obtained pHN
had a number average molecular weight of 15,800 g/mol, with a relatively low polydispersity
index (PDI) of 1.43 (Figure lc, Table 1), which is similar to the results from literature
(PDI =1.37) [35]. The deviation of the molecular weight from theoretical molecular weight
(M, = 9800 g/mol) calculated on the basis of the monomer conversion is attributed to the fact
that calibration was done with PEG standards.

Fig. 2. '"H NMR (DMSO-D,) spectra of pHN (under) and C-pHN (upper).
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Scheme 1. Post-polymerization modification of cholesteryl p(HPMA-r-NAS)

The chain transfer agent (CTA) used for the polymerization typically yields a dithioester
or trithioester group at the w-end of the polymer chain, which is available for further post-
polymerization functionalization [43,44]. A radical cross-coupling reaction[36] between
the trithiocabonate chain end and a cholesterol modified azo-initiator was used to introduce
a cholesterol moiety at the w-end of pHN (Figure 1b). The cholesterol modified initiator
was synthesized using DCC-mediated esterification of the hydroxyl group of cholesterol and
carboxylic acid of V501, yielding C-V, -Cin 45 % yield (Figure 1a). '"H NMR spectrum (Figure
Sla) shows the disappearance of the signal at 3.51 ppm (assigned to the methine protons of
cholesterol) and appearance of new signal at 4.60 ppm (assigned to the methine protons of
C-V,,,-C) suggests the formation of an ester bond between cholesterol and V501. The ester
bond formation was further verified by the ATR-FTIR with its absorbance at wavenumber of
1743 cm™ (Figure S1b). Radical cross-coupling of pHN and C-V,  -C was performed at 70 °C in
DMEF for 4 h (Figure 1b). 'H NMR analysis of the obtained polymer confirmed incorporation
of the cholesterol moiety as evident by the appearance of peaks at 0.61 ppm (methyl protons of
cholesterol) and 5.30 ppm (methylene protons of cholesterol) in the NMR spectrum (Figure 2).
NMR analysis further showed thataround 60% of pHN chainshad a cholesterol terminus. The GPC
chromatogram of pHN and C-pHN showed that there was no significant change in the molecular
weight distribution (Figure 1c) and polydispersity index (Table 1), and the decrease of the UV
absorbance (90%) (Figure S2) at 309 nm (thiocarbonylthio chromophore)[43] demonstrates
again successful cross-coupling of cholesterol to the polymer. The resulting polymer C-pHN
contained 27 mol% of NAS (calculated from NMR) demonstrated that these reactive esters were
not hydrolyzed, due to possible presences of traces of water, during cholesterol modification and

are therefore available for further post-polymerization modification.
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The cholesteryl poly(HPMA-r-NAS) (C-pHN) copolymer was subsequently modified with
2-((2-azidoethyl) disulfanyl) ethan-1-amine hydrochloride (ADAE) to introduce azide groups
which can be exploited for conjugation of compounds with bicyclo[6.1.0]nonyne (BCN) groups
(using copper free click chemistry - Scheme 1) [45]. ADAE was synthesized via conversion of
one of the cystamine amines into azide, according to a previous study (Scheme S1) [34]. 'H
NMR analysis and the absorbance at wavenumber of 2300 cm™ in ATR-IR spectrum showed
the success of azide formation (Figure S3). C-pHN was first reacted with ADAE, followed by
an excess of 1-amino-propan-2-ol to quench remaining unreacted NAS units (Scheme 1a). 'H
NMR analysis of the obtained azide polymer (C-pHNA) (the decreased integral of 2.79 ppm)
confirmed the reaction between NAS and ADAE (Figure S4). The C-pHNA containing 20 mol%
of ADAE meaning that the conjugation efficiency was 88% (Table 1). The C-pHNA polymer
was further modified with 2-(dimethylamino) ethyl -imidazole-1-carboxylate (DMAE-CI),
coupled via a carbonate ester bond, to get the final polymer C-pHDA (Scheme 1b). As shown
in Figure 3, the decrease in intensity of the methine proton of the HPMA peak at 3.7 ppm
and the appearance of peak at 2.3 ppm (the methyl groups of DMAE) demonstrates that 75 %
of the OH groups of HPMA had reacted with DMAE groups. SEC analysis of the copolymer
before and after DMAE modification showed monomodal distribution with a relative narrow
distribution (PDI <1.4) (Figure S5).

Formation of C-pHDA polyplexes and in vitro siRNA delivery

The effect of introducing cholesterol moieties in the polymer on the formation of siRNA
polyplexes and gene delivery properties were studied. Agarose gel electrophoresis and dynamic
light scattering techniques were employed to study the interaction of polymers with siRNA.

A representative gel electrophoretic pattern is shown in Figure 4a. siRNA was mixed with

Tablel. Characteristics of synthesized random copolymers

HPMA NAS HPMA-DMAE ADAE M,

Polymers Abbreviation (% mol)* (% mol) (%mol) (%mol) (g/mol) M /M,

P(HPMA-r-NAS) pHN 72 28 0 0 15,800¢ 1.43
(64%)*  (60%)°

P(HPMA-r-NAS)- C-pHN 73 27 0 0 17,700¢ 1.40

Cholesteryl

P(HPMA-r-ADAE)- C-pHNA 80 0 0 20 24,7004 1.20

Cholesteryl (88%)°

P(HPMA-DMAE-r-ADAE)- C-pHDA 19 0 61 20 34,1004 1.30

Cholesteryl (75%)°

Control polymer pHDA 18 0 59 23 25,600¢ 1.33

P(HPMA-DMAE-r-ADAE)

* Copolymer composition as determined by'H NMR analysis; ® Conversion of each step (percentage) calculated from 'H
NMR; ¢ Determined by GPC; ¢ GPC viscotek analysis.
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Fig. 3. 'H NMR (D,0) spectrum of C-pHDA.

polymer with (C-pHDA) or without (pHDA) cholesterol moiety (Table 1), at varying molar
ratio of amine in the polymer to phosphate in siRNA (N/P ratio) from 0.5 to 12. Complete
siRNA complexation (absence of free siRNA bands in the gel) for pHDA was achieved at N/P
ratio of 4 and above, whereas for C-pHDA this was achieved at N/P 3. These data indicate that
there was no hindering of the complexation of siRNA following introduction of cholesterol on
the w-end of pHDA., This is consistent with results previously obtained, in which cholesterol
was introduced into PAsp(DET)-PEG copolymer [32,46]. Table S1 reports the size and zeta
potential of C-pHDA polyplexes prepared atvarying N/P ratios. At N/P ratio 2, the average size
of polyplexes was largest (319 nm) and with a near neutral charge (5 mV), which implies it is
close to the charge neutralization point between c-pHDA and siRNA, consistent with the gel
retardation results. The particle size and scattering light intensity (SLI) decreased with increasing
N/P ratios in the range of 2-12, together with the increased polydispersity (PDI) of the polyplexes.
Thus, an N/P ratio of 8 was selected for further evaluation, at which C-pHDA form particles
of 37 nm and with an acceptable PDI (<0.35). The effect of cholesterol on polyplex stability at
increasing ionic strength was also evaluated (Figure 4b). After incubation with 150 mM NaCl
(physiological ionic strength) in 10 mM HEPES bulffer for half an hour, the size of pHDA/siRNA
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polyplexes increased from 90 to 350 nm, which is normal for cationic polyplexes without PEG
shielding [47]. In contrast, the size of C-pHDA/siRNA polyplexes only slightly increased from
37 to 60 nm, demonstrating that the hydrophobic interaction between the cholesterol moieties
could significantly enhanced the stability of the C-pHDA siRNA polyplexes.

The effect of the presence of cholesterol in the polyplexes on siRNA transfection efficiency
was evaluated in the invasive U87R-GFP-Luc2 GBM cell line, which co-expresses green
fluorescence protein (GFP) and luciferase (Luc) from a bicistronic transcript. To exclude
the influence of serum, the polyplexes were incubated with the cells OPTI-MEM medium

without serum, which favors stability of unshielded, cationic polyplexes and lipoplexes made

Fig. 4. (a) Agarose gel retardation assay of the polymer/siRNA polyplexes at different N/P ratios. To study
heparin induced polyplex destabilization, siRNA polyplexes were incubated with heparin (200 ug/mL) for
10 mins in 10 mM HEPES buffer (pH 7.4, containing 150 mM NaCl); (b) particle size of siRNA polyplexes
at concentration of 10 pug/ml, N/P molar ratio of 8, before and after 150 mM NacCl for 0.5 h; Transfection
efficiency (c) and cytotoxicity (d) of siRNA polyplexes at N/P ratio of 8 with a final siRNA concentration
of 100 nM. ****p<0.0001, **p<0.01, ns: no significantly difference. Blank: untreated cells. NC: Negative
control siRNA. Representative results from one of three experiments are shown. All values are given as
the mean + SD (n=3).
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with commercial agent Lipofectamine 2000 (Lipo). At an N/P 8, C-pHDA polyplexes containing
anti-luciferase siRNA potently silenced around 50% of the expression of luciferase, which was
significantly higher than observed for the polyplexes based on pHDA (10% silencing) (Figure
4c). The improved gene silencing efficacy of c-PHDA polyplexes compared to pHDA polyplexes
is likely caused by the smaller size (37 vs 90 nm) and higher surface charge (25 vs 16 mV) of
the polyplexes, as the size and zeta potential of polyplexes strongly influence the transfection
efficiency [48]. Moreover, polyplexes prepared by pHDA and C-pHDA showed minimal
cytotoxicity to U87R cells (Figure 4d). These data again demonstrate that p(HPMA-DMAE) has
an excellent cytocompatibility, in agreement with a previous study using different cell lines [49].
In conclusion, the introduction of cholesterol into the polymer enhanced stability of formed
siRNA polyplexes and lead to smaller particle size and higher gene silencing efficacy.

Effect of post-PEGylation of C-pHDA polyplexes with PEG-cRGD on cellular
uptake and transfection efficiency

To shield the positive surface charges of C-pHDA-siRNA polyplexes, post-PEGylation via copper
free click chemistry was applied. Cyclic RGD (cRGD) was coupled to the distal end of PEG to

enable binding to integrin receptors overexpressed on angiogenic blood vessels and tumors,
including human GBM cells [50-52]. BCN-PEG-cRGD was synthesized according to scheme S2
and characterized by "H NMR spectroscopy (Figure S6&7) and SEC analysis (Figure S8). Post-
PEGylation was carried out by adding BCN-PEG (BCN-PEG-COOH) or BCN-PEG-cRGD to
preformed C-pHDA polyplexes, followed by freeze-drying which results in an acceleration of
the click reaction [53]. For lyophilization, 5% sucrose was added as lyoprotectant. As shown
in Table 1, after PEGylation, the size of C-pHDA polyplexes increased from 37 to 56 nm, with
decrease of surface charge (25 to 9.4 mV). It is important to note that the PEGylation process
did not lead to detectable siRNA release, as characterized by gel electrophoresis before and after
lyophilization (Figure S9). Therefore, the decrease of the surface charge is due its shielding by
the grafted PEG chains. No changes in PDI were detected after lyophilization, demonstrating
that the freeze-drying procedure did not cause aggregation of the particles. The PEG-cRGD
post-modified siRNA polyplexes resulted in similar size (50 nm), as confirmed by TEM (Figure
S$10). Further, the observation that the PDI did not change indicates that the presence of BCN-
PEG-BCN in BCN-PEG-cRGD (see section Experimental Procedures, Synthesis of BCN-PEG-

Table 2. Size and zeta potential of siRNA/C-pHDA polyplexes®

Size Zeta potential
Polyplexes (nm) (mV) PDI
no PEGylation 37+1 25.0+2.1 0.34
PEG 562 94+1.2 0.36
PEG-cRGD 50+3 8.7+0.2 0.35

*Prepared at N/P = 8 and after lyophilization resuspended at a siRNA concentration of 10 pg/mL in 10 mM HEPES
buffer, pH 7.4. Data are presented as mean + SD (n=3).
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cRGD) did not cause significant inter-polyplex crosslinking, likely because the formulations
were prepared at relative low particle concentration (siRNA was 50 pg/mL). In addition, zeta
potential of polyplexes was measured to confirm detachment of PEG Following incubation
of the polyplexes with DTT, the zeta potential increased from 9.4 to around 20 mV, close to
the zeta potential of non-PEGylated polyplexes (25 mV) (Figure S11). This demonstrates that
a significant fraction of PEG was detached.

To verify the siRNA biological delivery effects of PEG (-cRGD) post-modification on
c-pHDA polyplexes, in vitro transfection activity and cytotoxicity were investigated. U87R-GFP-
Luc2 cells were transfected with anti-luc siRNA formulations in the presence and absence of
serum. U87R-GFP-Luc2 was chosen as a target cell line due to their overexpression of integrins
on their cellular surface [54], and are thus appropriate for assessing the cRGD targeting effect
on cellular uptake and transfection. As shown in Figure 5a, when the cells were incubated with
formulations in the absence of serum, non-PEGylated and PEG-cRGD modified polyplexes
showed high gene knock down efficacy (>70%), which is comparable to the positive control
lipofectamine. PEG-cRGD polyplexes prepared with scrambled siRNA did not silence luciferase
expression. Importantly, PEGylated polyplexes without RGD targeting ligand showed no gene
silencing, presumably due to limited cellular uptake. In the presence of serum, only PEG-cRGD
polyplexes showed significant luciferase silencing (40%). The low gene silencing activity of
C-pHDA siRNA polyplexes in the presence of serum is most likely explained by a substantial
decrease in cellular uptake (Figure S12), presumably due to the interaction of serum proteins

with cationic charged polyplexes that can lead to the premature release of siRNA. Alternatively,

Fig. 5. Luciferase gene expression (a) and cytotoxicity (b) of different functionalized C-pHDA/siRNA
polyplexes following transfection into U87R-GFP-Luc2 in the absence or presence of serum. Final
siRNA concentration was 200 nM. Blank: untreated cells. NC: Negative control scramble siRNA. W/O:
in the absence of serum; W/: in the presence of serum. Representative results from one of the three
experiments are shown. Values are given as the mean + SD (n=3).
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the absorbance of serum proteins can change the surface charge of particles leading to a reduced
interaction with cell membranes. The results presented in Figure S12c¢ demonstrate that more
siRNA was co-localized with late endosome/lysosome when transfected in the presence of serum
(in comparison with transfection without serum) indicating that serum proteins could possibly
change the endocytosis pathway of C-pHDA siRNA polyplexes. Again, the AlarmarBlue assay
showed limited cytotoxicity for the formulations tested (Figure 5b).

To determine whether differences in gene silencing efficiencies of various polyplex
formulations could be attributed to differences in cellular uptake, both flow cytometry
(Figure 6a) and confocal fluorescence microscopy studies (Figure 6b and Figure S13) were
performed in the presence of serum. As shown in Figure 6a, after PEGylation, the level of cellular
uptake of fluorescently-labelled siRNA was substantially decreased compared to non-PEGylated

formulations, potentially explaining why PEGylated formulations without RGD decoration were
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Fig. 6. Cellular uptake of Cy5 labeled C-pHDA/siRNA polyplexes (N/P=8) by U87R-GFP-Luc2 cells in
the presence of serum after 4 h incubation at 37 °C measured by flow cytometry (a) and confocal microscopy
(b); all images are overlays of the fluorescent signals from Cy5-siRNA (red), Lysosome Red (green), GFP
(cyan) and cell nucleus Hoechst33342 (blue); (c) Quantification of Cy5-labeled siRNA co-localization with
LysoTracker Red in the U87R-GFP-Luc2 cells.
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not successful in silencing luciferase expression (Figure 5a). The uptake efficiency of siRNA was
augmented two-fold when PEG-cRGD was present, indicating that the cRGD ligand does indeed
increase cellular uptake via integrin-receptor mediated endocytosis. Cellular uptake was reduced
by pre-incubation of the cells with free RGD, showing that binding and subsequent uptake is
indeed cRGD-mediated (Figure 6a&b). In addition to improving cell uptake, the cRGD peptide
may also affect the intracellular process of ligand equipped polyplexes. Several publications have
shown that that RGD motif can destabilize the membrane at low pH and trigger the enhanced
endosomal release of adenovirus [55,56]. To investigate the subcellular distribution of
fluorescent-labelled siRNA, lysosome compartments were stained with LysoTracker Red,
which is a specific marker for acidic organelles. With the co-localisation analysis of siRNA and
lysosome by software Image], PEG-cRGD modified polyplexes showed a significantly reduced
co-localization with lysosomal compartments, compared with PEG modified polyplexes
(Figure 6c). This implies that the cRGD decorated polyplexes may facilitate the siRNA transport
to cytosol, as also shown in previous studies [7,57] and might explain the highly increased

siRNA knock-down efficiency of RGD ligand equipped polyplexes observed (Figure 5a).

In vivo toxicity study in C57BL/6 mice

Finally, to assess the PEG-cRGD polyplexes safety profile in vivo, polyplexes were prepared
with scrambled siRNA as described above and mice randomized into treatment groups. Mice
received PEG-cRGD polyplexes (or PBS), either systemically via intravenous injection (IV)
into the lateral tail vein or locally into the brain via stereotaxic intracranial injection (IC)
(Figure 7). Mice were monitored for 3 weeks following final polyplex administration for signs of
overt toxicity. Figure 7 demonstrates that there were no adverse effects in any treatment group
when compared to PBS control cohort. Mice did not show significant changes with respect to
dehydration, lethargy or ataxia. Furthermore, no weight loss was apparent between the control
and treatment groups with no group demonstrating >6% fluctuation in weight (Figure 7).
Moreover, no neurological, behavioral or movement issues were observed as a result of local
administration (IC) or systemic administration (IV) of the polyplex at any point in the study.
Following study termination, necropsy was performed and rodent tissues were excised and
sent for full pathological assessment by a Board Certified Veterinary Pathologist. Cerebrum,
cerebellum, skin, heart, lung, liver, spleen and kidney were collected and fixed in formalin,
sectioned and hematoxylin and eosin stained for histopathology assessment. No abnormalities

were detected in any tissue assessed in any group.

| Conclusions

We have described the preparation, characterization and in vivo toxicity assessment of a novel
RGD-targeting and cholesterol stabilized polyplex system for siRNA delivery in GBM. Relative
to pDHA polyplexes alone, these, stable and targeted c-pHDA polyplexes demonstrate improved
cellular uptake in targeted U87R-GFP-Luc2 cells, and mediate an efficient gene silencing effect

while demonstrating a low cytotoxicity profile. Our novel polyplex system shows no acute



RGD-decorated cholesterol stabilized siRNA polyplexes

Fig. 7. In vivo toxicity testing of local (Intracranial: IC) or systemic (Intravenous: IV) administration
of PEG-cRGD polyplexes prepared with scrambled siRNA, or PBS, in non-tumor bearing C57BL/6
mice. Mean % weight change of each non-tumor bearing C57BL/6 mice (n=6 per group) following
treatment is shown. Data are represented as means + SEM. p < 0.05 is considered as statistically significant
(one-way ANOVA).

toxicity in vivo following either parenteral or local delivery. GBM focused efficacy studies (using
clinically relevant models) are now warranted; These studies should implement therapeutic
siRNAs of interest in the GBM setting, packaged within newly developed polyplexes.
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| Supplementary information

Fig. S1. '"H NMR (CDCl,) (a) and ATR-IR spectra (b) of C-V_ -C.
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Fig. S2. GPC chromatograms using UV detection (309 nm) for pHN (blue) and C-pHN (red).

Scheme S1. Synthesis of 2-((2-azidoethyl) disulfanyl) ethan-1-amine hydrochloride (AEDA).
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Fig. $3. 'H NMR (DMSO-D,) (a) and ATR-IR spectrum (b) of 2-((2-azidoethyl) disulfanyl) ethan-1-
amine hydrochloride.
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Fig. 4. '"H NMR (DMSO-D,) spectrum of C-pHNA.

Fig. S5. SEC chromatograms of C-pHNA and C-pHDA.
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Table S1. Size, zeta potential, polydispersity index (PDI) and scattering light intensity (SLI) of siRNA
polyplexes prepared at varying N/P ratio

Size Zeta potential
N/P ratio® (nm) £ S.D. (mV) + S.D. PDI SLI
0.5 701 -27.9+ 1.5 0.12 173
130+3 -31.4+0.7 0.04 402
2 319+1 53+0.5 0.17 327
43+3 259+04 0.32 162
37+2 250+1.4 0.34 175
12 35+1 263+1.8 0.94 82

a Polyplexes micells were prepared at siRNA concentration of 10 pg/ml in pH7.4, 10mM hepes buffer.

Scheme S2. Synthesis of BCN-PEG-cRGD.

76



RGD-decorated cholesterol stabilized siRNA polyplexes

Fig. $6. '"H NMR (DMSO-D,) spectrum of BNC-PEG,-BCN.
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Fig. S7. '"H NMR (D,0) spectrum of BNC-PEG_-cRGD.
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Fig. S8. SEC chromatograms (RI) of BCN-PEG-BCN and BCN-PEG-cRGD.
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Fig. S9. Agarose gel retardation assay of the polymer/siRNA polyplexes before and after PEGyaltion by
freeze-dry treatment.
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Fig. S10. Representive TEM images of PEG-cRGD post-functionalized C-pHDA siRNA polyplexes, bar
indicates 200 nm.
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(both after being freeze-dried and resuspended in 10 mM HEPES buffer), and after PEG cleavage by
incubation with 10 mM DTT for 1 h.
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Fig. S12. Confocal microscopy images of U87R_GFP_Luc cells after 4 h incubation at 37 °C with different
polyplexes in presence or absence of serum (a); (b) mean fluorescence intensity of Cy5-siRNA; (c) and
co-localization analysis of siRNA and lysotracker via software Image]. Bar indicates 25 pm.
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Fig. S13. Confocal microscopy images of U87R_GFP_Luc cells after 4 h incubation at 37 °C with different
C-pHDA/siRNA polyplexes in the presence of serum. Bar indicates 25 pm.
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| Abstract

Potent adjuvants are highly demanded for most protein and peptides based vaccine candidates
in clinical development. Recognition of viral single stranded (ss)RNA by innate toll-like
receptors 7/8 in dendritic cells results in a cytokine environment supportive to the establishment
of long lasting antibody responses and Thl oriented T cell immunity. To fully exploit
the immunestimulatory properties of ssRNA, it needs to be adequately formulated to ensure its
optimal delivery to dendritic cells in the vaccine draining lymph nodes. In the present paper,
we report on the design of ssRNA nanocomplexes formed by complexation of the cationic
poly(carbonic acid 2-dimethylamino-ethyl ester 1-methyl-2-(2-methacryloylamino)-ethyl
ester) (pHPMA-DMAE) based polymeric carrier and ssRNA. The resulting ssRNA
nanocomplexes were subsequently PEGylated through copper-free click chemistry using PEG-
bicyclo[6.1.0]nonyne (PEG-BCN) and cross-linked via disulfide bonds to increase their stability.
The obtained near-neutral charged PEGylated ssRNA nanocomplexes (~150 nm) combined
ssRNA protection with highly efficient delivery of ssRNA to DCs in the vaccine draining lymph
nodes after subcutanuously administration. When co-administrated with a model antigen
(soluble ovalbumin (OVA)), ssRNA nanocomplexes were far more efficient at inducing CD8
cytolytic T cells when compared to OVA co-adminstarted with naked ssRNA. Furthermore,
IgG2c antibody titers, indicative of Th1 skewed T cell responses, were > 10 times increased by
complexing ssRNA into the PEGylated nanocomplexes. This study highlights the potential of
post-functionalizing ssRNA nanocomplexes by copper-free click chemistry and these findings
indcate that this potent ssRNA adjuvant may profoundly improve the efficacy of a variety of

vaccines requiring Th1-type immunity.
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| Introduction

The design of effective immunotherapies against malignancies and insidious intracellular
pathogens necessitates improved vaccine adjuvants with a strong capacity to stimulate CD8
cytolytic T cell responses in addition to humoral responses [1-3]. Activation of Toll-like receptors
7 and 8 (TLR7/8) triggers a profound secretion of interleukin 12 (IL-12) and of type I interferons
(IFN), the key cytokines that guide the differentiation of CD8+ T cells into cytolytic effector T
cells and of CD4+ T cells into Thl effector cells. Hence, agonists of TLR7/8 have emerged as
highly promising vaccine adjuvants to evoke cellular immune responses [4-6]. Guanidine and
uridine rich single stranded RNAs (ssRNA) constitute the natural agonists of TLR7/8 present in
the endosomes of dendritic cells (DCs), the most potent antigen presenting cells and initiators of
T cell immunity [7,8]. Successful development of ssRNA as vaccine adjuvants, however, requires
several hurdles to be taken. As natural ssRNA cannot efficiently penetrate cell membranes and
are highly sensitive to ubiquitous RNases, they need to be formulated into nanosized complexes
to prevent premature degradation upon injection and to reach the endosomal compartment of
DCs. To this end, ssRNA have been complexed to liposomes containing cationic lipids including
1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) [9,10] or to cationic polymers such
as polyethyleneimine (PEI) [8] and protamine [11]. Although such approaches indeed have
augmented the adjuvanticity of ssSRNA, these ssRNA lipoplexes and polyplexes show limited
mobility in vivo after local administration, resulting in limited ssRNA prevalence in DCs in
the vaccine draining lymph nodes, the crucial sites of induction of adaptive immunity [7].
The limited mobility is most likely caused by the overall positive charge of these lipo/polyplexes
which results in binding to extracellular matrix constituents [12-14].

Multiple studies have demonstrated that PEGylation, shields the surface charge and
enhances the colloidal stability of nanoparticles and prevents their aggregation upon topical
administration, which strongly aids nanoparticle trafficking to the draining lymph nodes [15-17].
Incorporation of poly(ethylene glycol) (PEG) in polyplexes is commonly achieved through
the use of PEGylated block copolymers (e.g. PEG-polylysine [18,19], PEG-poly(aspartamide)
[20,21], PEG-poly(amido amine)s [22,23] and PEG-PEI [24,25]) as condensing agents. A major
drawback of this strategy is the crowding effect of the neutral polymer (PEG), which hinders
proper nucleic acid complexation in dense particles [26-28]. Post-PEGylation - the PEGylation
of preformed nucleic acid polyplexes — has emerged as an appealing alternative, with several
studies indicating post-PEGylated polyplexes exhibit prolonged circulation times in mice after
IV administration [29,30].

Here we aimed to design a polymeric nanocomplex system, using post-PEGylation via
copper free click chemistry [31-33], to efficiently deliver ssRNA to DCs in the lymph node thus
enabling effective imunomodulation. Previous studies have demonstrated that poly(carbonic
acid 2-dimethylamino-ethyl ester 1-methyl-2-(2-methacryloylamino)-ethyl ester) (pHPMA-
DMAE) based nucleic acid delivery systems combine excellent efficiency with a beneficial safety
profile [34-37]. pHPMA-DMAE can be hydrolysed at 37 °C and at pH 7.4 (half-life, 9.6 hours)
[38], enabling removal of the cationic side-chains, to yield pHPMA, a frequently studied water-
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soluble polymer for drug delivery purposes [39,40]. Based on this previous work, we designed
and synthesized a new series of random copolymers containing reactive azides, poly(HPMA-
DMAE-co-PDTEMA-co-AzEMAm) (referred as pHDPA, Fig. 1a and Fig. Sla). ssRNA was
complexed into polyplexes by electrostatic interaction with cationic pHDPA. The resulting
ssRNA polyplexes were subsequently PEGylated through a copper-free chemistry using PEG-
bicyclo[6.1.0]nonyne (PEG-BCN) and crorsslinked via disulfide bonds to increase the stability.
Upon subcutaneously injection, the generated PEG-pHDPA ssRNA nanocomplexes were
expected to increase the amount of sSRNA present in lymph node DCs, which will maximize
the adjuvant effect of the immune-stimulatory ssRNA when co-injected with soluble ovalbumin
(OVA) protein antigen, especially at the level of the cytolytic T cell response evoked.

| Materials and methods

Materials

All chemicals were purchased in the highest purity and used without further purification.
Carbonic acid 2-dimethylamino-ethyl ester 1-methyl-2-(2-methacryloylamino)-ethyl ester
(HPMA-DMAE) [38] and N-[2-(2-pyridyldithio)]ethyl methacrylamide (PDTEMA) [35,41]
were synthesized as previously reported. 2-Azidoethylmethyacryl amide (AzEMAm) was
synthesized as described previously with slightly modification [42]. Lipofectamine 2000 was
obtained from Thermo Fisher Scientific (Etten-Leur, The Netherlands). Single chain RNA,luc-
mRNA and Cy5-mRNA_luc were purchased from Tebu-bio (TRiLink biotechnologies);
Polyuridylic acid [poly(U)] ssPolyU was purchased from InvivoGen. Agarose multi-purpose
was purchased from Roche Molecular Biochemicals (Mannheim, Germany). 6 x DNA Loading
Dye was purchased from Fermentas (St. Leon-Roth, Germany). SYBR Safe DNA gel stain,
Opti-MEM, DMEM medium and dialyzed fetal bovine serum (FBS) were purchased from Life
Technologies (Breda, The Netherlands).

Synthesis and characterization of p(HPMA-DMAE-co-PDTEMA-co-AzEMAm)
p(HPMA-DMAE-co-PDTEMA-co-AzZEMAm) (pHDPA) was synthesized by radical

polymerization under a nitrogen atmosphere. The polymers were synthesized using a monomer
to initiator molar ratio (M/I) of 50. Different molar feed ratios of HPMA-DMAE, PDTEMA
and AZEMAm were used, as shown in Table S1. In a typical experiment to synthesize p(HPMA-
DMAE, -co-PDTEMA, -co-AzZEMAm ), 200 mg (0.77 mmol) HPMA-DMAE, 56.7 mg (0.22
mmol) PDTEMA, 17 mg (0.11 mmol) AzZEMAm and 3.6 mg (0.022 mmmol) AIBN were
dissolved in dry DMSO (1 mL) in flasks sealed with rubber septa and subjected to three
vacuum-N, cycles. The polymerization was carried at 70 °C for 48 h. Next, the polymer was
precipated in cold diethyl ether, redissolved in DMF and repeating this procedure 3 times. After
extensive dialysis (8 kDa) against an NH,OAc buffer of pH 5.0 (10 mM, last step 5 mM) at 4 °C,
the polymer was collected after freeze drying. The yield of polymer is between 30-40%.

The molecular weights and polydisperisity (M /M ) of pHDPA were determined by

size exclusion chromatography (SEC) analysis using a Viscotek-GPCmax (Viscotek, Oss,
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The Netherlands) light scattering (A = 670 nm, right (90°) and low (7°) angle)/viscosimetric
detection system, using ultrahydrogel 2000 7.8 x 300 mm columns in series with a ultrahydrogel
6.0 x 40 mm guard column and 0.3 M NaAc pH 4.4, 30% acetonitrile as eluent [43]. The flow
rate was 0.6 mL/min and the run time was 60 minutes. PolyCALTM PEO standards (Mn=24
kDa, PDI=1.01, Malvern) was used for calibration. The copolymer composition was determined
by 'H NMR analysis performed with a Gemini 400 MHz spectrometer (Varian Associates Inc.,
NMR Instruments, Palo Alto, CA) in D,O. The ratio HPMA-DMAE/PDTEMA/AzZEMAm
was determined by comparison of the integrals at § 4.3 ppm (bs, OCH2CH2, HPMA-DMAE),
87.69ppm (bs, pyridyl group proton, PDTEMA) and 83.14-3.51ppm (m, CH2CH2NS3,
AzEMAm) (64.3/67.69/(84.08/2).

Synthesis of PEG-BCN and BCN-PEG-Cy5

NH,-PEG,,,-COOH (100 mg, 0.02 mmol, 1 equiv), and cyclooctyne-NHS (BCN-NHS; 9.0 mg,
0.024 mmol, 1.2 equiv) and triethylamine (8.5 pL, 0.06 mmol, 3 equiv) were dissolved in 1.3

5000

mL DMSO, the reaction mixture was stirred at room temperature overnight. The final product
was precipitated in cold ether twice, then dissolved in milliQ water, followed by dialysis against
water (MWCO: 3000) for 2 days. After filtration and freeze-drying, the polymer was obtained
as a white powder. Yield 90 mg, 85.7%. '"H NMR (400 MHz, DMSO): § = 7.05(s, 1H;OC(=0)
NH), 7.05(s, 1H;C=ONH), 4.52 (t, 2H; PEG-OH),4.00 (d, 2H; BCN-CH2-O(=0)), 3.66 (t,
2H; PEG-CH,), 3.48 (bs, 440H; PEG), 3.04 (s, 2H; OCONHCH,), 2.90 (s, 2H; C=ONHCH,),
2.0-2.21(m, 4H; CH,C(=0)NH,, alkane),1.99 (m, 2H; NHCH,CH,),1.69-1.41 (m, 6H; alkane),
1.54-1.13 (m, 1H; alkane), 0.80-0.71 (m, 2H; alkane) (Figure S3).

To conjugate Cy5 to PEG-BCN, 50 mg of PEG-BCN (0.0095 mmol) was first dissolved
in 1 mL DMSO, 2.34 mg of dicyclohexylcarbodiimide (DCC,0.0114 mmol) and 1.32 mg of
N-hydoxysuccinimide (NHS, 0.0114 mmol) were added and stirred for 4 h at room temperature.
Then, 7.45 mg of Cy5-amine (0.0114 mmol) and 3.48 mg of triethylamine (0.0342 mmol)
were added to the mixture. After overnight reaction, the mixture was diluted with water (10
mL), followed by dialysis against water (MWCO: 3000) for another 2 days. Next, the solution
was filtered with 0.2 um filter and freeze-dried. The resulting polymer was obtained as blue
powder. The success of Cy5 coupling was confired by "H NMR, and no free Cy5 was present in
the conjugate as confirmed by SEC analysis.

Reaction of PEG-BCN with polymer-azide (pHDPA2)

pHDPA2 and PEG-BCN were separately dissolved in 10 mM HEPES buffer (pH 7.4) at
a concentration of 10.0 mg/mL (4.9 mM of azide groups) and 20 mg/mL (3.7 mM of BCN
groups), respectively. Samples of the polymer solution (13.2 uL) and PEG-BCN solution (17.3
pL, azide/BCN molar ratio 1:1 or 8.7 pL, azide/BCN molar ratio 2:1) were mixed and diluted
with 10 mM HEPES buffer (pH 7.3) (69.5 pL or 78.2 pL). The reaction mixtures were incubated
at room temperature and collected at incubation times of 0, 1, 2, 3, 4, 8, 12 and 24 h.

The collected samples were analyzed by size exclusion chromatography (SEC) described in

the previous section. The unreacted PEG-BCN concentration was calculated based on RI peak
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intensity using a PEG-BCN calibration curve (Figure S3d). For the sample with freeze-dry
treatment, the reaction mixture (after reacted at RT after defined time as mentioned above)
were rapid frozen using liquid nitrogen. The polymer was collected after freeze drying and
subsequently dissolved in water (100 pL) and analyzed by SEC. For the sample with freeze-thaw
treatment, the reaction mixture (after reacted at RT after defined time as mentioned above) were
frozen at -30°C for 16 hours and thawed at 4°C for two hours.

Preparation of RNA polyplexes

For the preparation of RNA polyplexes, 3-steps can be distinguished, namely complexation,
post-PEGylation, and crosslinking (Figure. 1a). In a typical example, polyplexes were prepared
at N/P molar ratio of 4, with RNA concentration of 100 ug/mL. pHDPA2 and BCN-PEG were
first dissolved in 10 mM HEPES buffer, pH 7.4 with a concentration of 10 mg/mL. Next, 28.8
uL of pHDPA2 was diluted with 100 uL HEPES buffer and the resulting solution was added
to 260 puL ssRNA (60 pg, HEPES buffer) solution, vortexed fot 5 s and incubated on ice for
10 minutes. Next, 76.4 uL of BCN-PEG was added to the polyplex mixture and incubated at
room temperature for 2 h. Polyplexes were subsequetly crosslinked by addition of 14.5 uL
dithiothreitol (DTT, 5 mM dissolved in water) corresponding with a half molar equivalent to
PDS groups of pHDPAZ2, for 1 h at room temperature. After addition of 60 pL sucrose (50% in
water) to a final concentration 5% and 15.6 pL NaCl (5 M in water) to a final salt concentration
of 150 mM, the polyplexes were frozen in liquid nitrogen and freeze-dried. The obtained cake
was resuspended in RNAase-free water (600 pL, final RNA concentration of 100 pg/mL) for

further use.

Determination of the content of free pHDPA2 in RNA polyplexes dispersion

pHDPA2/RNA polyplexs (100 pug/mL) without PEGylation and crosslinking were formulated
in 500 uL 10 mM HEPES or PBS buffer at N/P ratios from 2 to 12 as described above. After
complexation and incubation at room temperature for 10 minutes, the polyplex disperion was
added to 50 uL NaCl (1.65 M) for 4 h incubation to cause polyplexes aggregation, followed by
centrifugation (15,000 rpm for 60 mins) to pellet the aggregated polyplexes [44]. The supernatant
was separated and the amount of free polymer was quantified by UV spectroscopy. Briefly, 90
uL of the supernatant was removed and combined with 10 pL of freshly prepared DTT solution
(100 mM) . After incubating these samples for 30 mins at room temperature, the UV absorbance
at 343 nm was measured to determine the amount of free polymer. The concentration of
free pHDPA?2 in the supernatant was quantified using a calibration curve of varying amount
pHDPA?2 with the same treatment. The percentage of pHDPA2 polymer associating with ssRNA
using following formula: 100 - 100 * ((W__ - W, ) /W,

total ), where W means total amount
of pHDPA2 used to prepare ssSRNA polyplexes and W, means amount of free pHDPA2 in

otal total

polyplexes dispersion.
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Evaluation of post-PEGylation efficiency of PEG-BCN to the polyplexes
(ultrafiltration methods)

An ultrafiltration method instead of Vivaspin was used, because it enables a higher recovery
efficiency of BCN-PEG-Cy5 and PEGylated pHDPA (~95%), and polyplexes particles (>80%),
by using polyethersulfone ultrafiltration membrane (MWCO, 300kDa). The RNA polyplexes
were post-pegylated with BCN-PEG-Cy5 as mentioned above. The polyplexes dispersion (50
pg/mL) was then purified by ultrafiltration with an Amicon® selector valve with 10 mM HEPES
bufter, pH 7.4, to remove unreacted BCN-PEG-Cy5. After the buffer was exchanged 10 times,
the concentrate was analyzed by UV spectroscopy at wavelength 200 - 700 nm. The RNA and
PEG-Cy5-BCN concentration were quantified by measuring the UV absorbance at 260 and 646

nm, respectively.

PEGylation conjugation efficiency detemined by Fluorescence Correlation
Spectroscopy (FCS)

The BCN-PEG-Cy5 coupling efficiency after incubation with RNA polyplexes in 10 mM HEPES
pH 7.4 for 3 hours at room temperature was determined by FCS as previously described by
Buyens et al.[23,36]. Briefly, FCS measurements were performed using free BCN-PEG-Cy5
N iiation = 646 nm and X = 662 nm) and RNA encapsulated in PEG-pHDPA polyplexes
(0.5 pug/mL), on a Clsi laser scanning confocal microscope (Nikon, Japan), equipped with
a time-correlated single photon counting (TCSPC) data acquisition module (Picoquant,
Berlin,Germany), and water immersion objective lens (Plan Apo 60 x, NA 1.2, collar rim
correction, Nikon, Japan). During the measurements, the glass bottom 96-well plate (Grainer
Bio-one, Frickenhausen, Germany) was covered with adhesive plates seals (ThermoScientific,
U.K.) to avoid evaporation of water. For each sample, fluorescence intensity fluctuations were
recorded using Symphotime (Picoquant, Berlin, Germany), during 1 min in triplicate. Because
the baseline fluorescence intensity of the fluorescence fluctuation profiles recorded by FCS is
proportional to the concentration of BCN-PEG-Cy5, the percentage of conjugated and free
form BCN-PEG-Cy5 can be calculated as described by Buyens et al. [36].

Particle size and zeta-potential measurements
The size of the polyplexes was measured with DLS using an ALV CGS-3 system (Malvern
Instruments, Malvern, UK) equipped with a JDS Uniphase 22 mW He-Ne laser operating at
632.8 nm, an optical fiber-based detector, a digital LV/LSE-5003 correlator with temperature
controller set at 25 °C. The zeta-potential ({) of the polyplexes was measured using a Malvern
Zetasizer Nano-Z (Malvern, UK) with universal ZEN 1002 ‘dip’ cells and DTS (Nano) software
(version 4.20) at 25 °C. Polyplex measurements were performed in 10 mM HEPES pH 7.4 and
a RNA concentration of 15 pg/mL.

The size distribution of the polyplexes was also detemined by nanoparticles tracking analysis
(NTA) using a NanoSight LM 10SH (NanoSight, Amesbury, United Kingdom), equipped with
a sample chamber with a 532 nm Laser. Typically, RNA polyplexes were diluted with PBS to
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a concentration of 0.5 pg/ml and measured for 120 s with manual shutter and gain adjustments.
The captured videos were analyzed by the NTA 2.0 image analysis software.

Stability study using fluorescence single particle tracking (fSPT)

fSPT was performed to measure the stability of the PEG-pHDPA Cy5-RNA nanocomplexes
in 10% serum. fSPT is a fluorescence microscopy technique that uses widefield and a fast
and sensitive CCD camera to record movies of diffusion particles in fluids. These movies
were analysed using in-house developed software, to obtain size dis