1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Macromol Biosci. Author manuscript; available in PMC 2015 July 01.

-, HHS Public Access
«

Published in final edited form as:
Macromol Biosci. 2014 July ; 14(7): 908-922. doi:10.1002/mabi.201400061.

Bioreducible Polycations in Nucleic Acid Delivery: Past, Present,
and Future Trends

David Oupicky Prof.” and Jing Li

Center for Drug Delivery and Nanomedicine, Department of Pharmaceutical Sciences, University
of Nebraska Medical Center, Durham Research Center, 985830 Nebraska Medical Center,
Omaha, NE 68198-5830, USA

Abstract

Polycations that are degradable by reduction of disulfide bonds are developed for applications in
delivery of nucleic acids. This paper surveys methods of synthesis of bioreducible polycations and
discusses current understanding of the mechanism of action of bioreducible polyplexes. Emphasis
is placed on the relationship between the biological redox environment and toxicity, trafficking,
transfection activity, and in vivo behavior of bioreducible polycations and polyplexes.
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1. Introduction

Biodegradable polymers have a long tradition in biomedical applications. In particular,
hydrolytically degradable aliphatic polyesters, polyorthoesters, and polyanhydrides have
become part of biomaterials, devices, and drug delivery systems that are in widespread
clinical use. Polymers that are degradable by reduction of disulfide bonds represent a
growing class of biodegradable polymers that are based on alternative mechanism of
degradation. Bioreducible polymers received only a limited attention in biomedical
applications prior to early 2000's, when they began to be explored in nucleic acid delivery.
In contrast to limited biomedical use, numerous disulfide-containing polymers, such as
vulcanized rubber, have been used extensively in various industrial applications.[!]
Likewise, disulfide linkers have been prominent in drug and protein bioconjugation
approaches.[?] Due to the unique dynamic nature of the disulfide bond, which can be easily
formed and cleaved, disulfide-containing polymers are finding applications in a broad range
of sophisticated adaptable and self-repair materials and in material design based on dynamic
combinatorial libraries.[3-] To limit the scope of this article, we will define bioreducible
polycations as those containing multiple disulfide bonds whose cleavage leads to generation
of low-molecular-weight degradation products. Thus, for example, polymers that utilize
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disulfide bonds for conjugation of other molecules, such as drugs, or block copolymers in
which the blocks are connected with a disulfide will not be discussed.

Bioreducible polycations are the most widely investigated group of bioreducible polymers in
biomedical applications.[8] Bioreducible polycations form polyelectrolyte complexes with
nucleic acids and these complexes, termed polyplexes, then protect the nucleic acids and
facilitate their transport across cellular membranes (Scheme 1). A delivery vector should
protect the nucleic acids in the extracellular space and during intracellular trafficking.
Following successful transport to the intracellular site of action; typically cytoplasm or
nucleus; the delivery vector should then selectively release the nucleic acids. The
contradictory requirements for delivery systems to stably encapsulate nucleic acids in the
extracellular space and in enzyme-rich intracellular compartments, while readily release
them in other intracellular compartments led to the development of a variety of stimulus-
responsive delivery systems. Using a simplified view of the nucleic acid delivery process
and the known compartmentalization of disulfide reducing activity in the biological
environment, it has been hypothesized that bioreducible polycations can provide such
extracellular protection and selective intracellular release of nucleic acids. High disulfide
reducing capacity in biological environment for the most part coincides with the locations in
which the release of nucleic acids is desirable. Bioreducible polycations have thus been
developed as stimulus-responsive polymers to improve efficiency of nucleic acid delivery
based on the above understanding of the intracellular trafficking and distribution of reducing
activity within the cell and organism.

2. Biological redox environment

Bioreducible polycations tap into a complex system of redox processes that are involved in a
large number of vital biological pathways and mechanisms in living organism. Importantly
for the use of bioreducible polycations in nucleic acid delivery, there is a redox potential
gradient between extracellular environment and various subcellular organelles.

The cellular redox state exists in dynamic equilibrium and may change depending on a
variety of factors including the stage of the cell cycle and biological status of the cell in
general.[7] The redox state of a cell is a sum of multiple redox couples of which glutathione
(GSH) is believed to be the most important for the behavior of bioreducible polycations.
GSH is the most abundant intracellular thiol. GSH concentrations reach mM levels inside
the cell but only puM levels in the blood plasma into which it is continuously secreted
through the hepatic vein by the liver.[8 9l

GSH participates in multiple critical cellular processes, including protein and DNA
synthesis, amino acid transport, enzyme activity, metabolism and cell protection against
oxidative stress.[10] The intracellular GSH exists either in its oxidized (GSSG) or the
dominant reduced form (GSH). The ratio between the reduced and oxidized form of GSH is
maintained and determined by the activity of GSH reductase, NADPH concentration, and
transaldolase activity. The GSH/GSSG ratio and absolute concentrations of GSH and GSSG
are indicators of the overall redox environment of the cell.[”] The GSH concentration and
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redox ratio (GSH:GSSG) vary among subcellular compartments as a result of the different
roles of GSH in the different compartments.[11]

The majority of intracellular GSH is found in the cytosol (1-11 mM), which is also the
principal place of GSH biosynthesis.[12-14] The most reducing environment in the cell is
present in the nucleus, where it is required for DNA synthesis and repair and to maintain
transcription factors in reduced state.[15-17] The nuclear GSH levels are typically greater
than the cytosolic levels and can reach up to 20 mM.[11. 17. 18] Another major location of
GSH in the cell is in mitochondria (~5 mM).[19. 201 Both mitochondrial and nuclear GSH
pools are at least partially independent of the cytosolic pool. In contrast to the highly
reducing environment found in the nucleus and mitochondria, the redox environment in
endoplasmic reticulum (ER) is oxidizing.[?1: 221 The GSH redox ratio in ER typically ranges
from 1:1 to 3:1. These values are significantly lower than even within the extracellular space
where the GSH redox ratio is ~7:1.18] Despite some ability to reduce disulfide bonds,[23] the
acidic environment of endosomes and lysosomes is generally oxidizing with the GSH redox
ratio ranging from 1:1 to 3:1.[24-2%1 Limited extent of disulfide reduction in endosomes and
lysosomes can proceed with the help of reducing enzyme gamma-interferon-inducible
lysosomal thiol reductase in combination with cysteine.[29 30]

Cellular turnover of GSH is associated with its transport out of cells. Transported GSH can
participate in reductive reactions that may involve cell membrane and the immediate vicinity
of the cell membrane. Furthermore, despite the oxidizing nature of the extracellular
environment, the additional presence of redox-active thiols in various proteins and thiol-
containing enzymes on the cellular plasma membrane mediate disulfide reduction at the cell
surface.[31-33] The redox activity of the cell surface is closely correlated with the levels of
oxidoreductase enzymes at the plasma membrane.[34-36] The total levels of redox-active
thiols on the surface of cells are estimated to range from ~4 to ~30 nmol/10° cells.[37: 38]

3. Thiol-disulfide exchange reaction

Disulfide bonds and their reactions are important for various biological processes including
redox homeostasis, correct assembly of proteins, and metabolic regulation of enzymatic
activity.[3% Because of the biological importance of disulfides, cells evolved robust
mechanism for the formation, cleavage, and reshuffling of disulfide bonds in proteins. These
mechanisms mostly rely on thiol-disulfide exchange reactions. Thiol-disulfide exchange is
the reaction of a thiol with a disulfide that involves formation of a new disulfide and a thiol
(Equation 1). Thiol-disulfide exchange is the main mechanism of degradation of
bioreducible polycations in the cells.

From a chemical perspective, thiol-disulfide exchange is a remarkable reaction. It involves
cleavage and formation of a strong covalent bond, yet it proceeds reversibly at room
temperature in water at neutral pH with a relatively fast rate. The half-life of the reaction is
~2 h at the thiol and disulfide concentrations in mM range.[4%] Thiol-disulfide exchange
involves multiple equilibria and all possible thiols, symmetrical disulfides (RSSR), as well
as mixed disulfides (RSSR’) as products (Equation 1 and 2).
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RSH+R'SSR’ = RSSR’+R’'SH (1)
RSH+RSSR’= RSSR+R'SH (2

Thiolate (RS™) is the active nucleophile in the thiol-disulfide exchange and thus the reaction
rate depends strongly on the solution pH. The thiol in GSH has a pK, of 9.65 and thus only
about 0.1% of it is present as thiolate at neutral pH = 7. The thiol-disulfide exchange is
effectively switched-off even under slightly acidic conditions.[4] In addition to pH and
acidity of the participating thiols, the rate of thiol-disulfide exchange is greatly affected by
steric effects. The steric effects are most pronounced when the thiols are fully substituted at
the a carbon to sulfur. For example, the reaction of penicillamine (Pen) with mixed Pen-
GSH disulfide is ~100,000-fold slower than the reaction of Pen with GSSG disulfide.[4?]
The rate of thiol-disulfide exchange also depends on the presence of charged substituents in
the participating thiols and disulfides.[43: 441 For example, the rate of reaction of GSH with
positively charged peptide disulfides was up to 2 orders of magnitude faster than the rate of
the same reaction with negatively charged peptide disulfides.[44]

In cells, thiol-disulfide exchanges are catalyzed by a class of proteins named thiol-disulfide
oxidoreductases (Figure 1). The prototypical enzyme of this group is protein disulfide
isomerase (PDI). PDI can catalyze thiol-disulfide exchange reactions in a wide range of
proteins, peptides and low molecular weight thiols and disulfides.[3%] The activity of PDI
and other oxidoreductases depends on a pair of cysteines that are usually arranged in a Cys-
X-X-Cys motif (where X is any amino acid). This motif is found in a domain that shares
structural homology with the small (10 kDa) redox protein thioredoxin.[3% PDI has two such
thioredoxin domains (Cys-Gly-His-Cys) that are independent and functionally non-
equivalent and they cycle between dithiol and disulfide states.[45] Depending on the redox
environment and the nature of the substrate, PDI can catalyze the formation, reduction, or
isomerization (reshuffling) of disulfide bonds. If the PDI active site is in the oxidized
(disulfide) state, the enzyme oxidizes protein thiols. Conversely, when the active site is in a
reduced (thiol) form, PDI can catalyze the reduction of disulfides. In a disulfide reduction
(Figure 1), the PDI thiolate attacks the disulfide bond in the oxidized molecule and forms a
transient mixed-disulfide bond. In a subsequent exchange, the remaining thiolate attacks the
mixed disulfide bond and resolves it. The overall result of this reaction is the oxidation of
PDI and the concomitant reduction of the initially oxidized molecule. The redox state of the
active site in either product can be regenerated for another catalytic cycle with another redox
molecule such as GSH.[3°

In cells, disulfide bonds are formed predominantly in the lumen of the ER. The oxidation of
thiols to form disulfides is catalyzed rapidly in the ER by several different oxidoreductases,
including PDI. To a lesser extent, PDI and similar enzymes also participate in thiol-disulfide
exchange reactions in other parts of the cell, including plasma membrane. Thiol-disulfide
oxidoreductases, such as thioredoxin, are also present in the reducing environment of the
cytoplasm where they usually catalyze reduction of disulfide bonds.
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4. Synthesis of bioreducible polycations

Two main strategies have been used to prepare polyplexes containing bioreducible
polycations. In the first strategy, polyplexes are prepared by directly mixing nucleic acids
with the synthesized bioreducible polycation. In the second strategy, polyplexes are first
prepared with non-bioreducible cationic molecules and disulfide bonds are introduced
subsequently within the formed polyplexes. Although each strategy has its own set of
advantages and disadvantages, current trends appear to favor the first method.

Bioreducible polycations can be synthesized by several methods either with or without
involvement of sulfur chemistry (Figure 2). Michael polyaddition, radical polymerization,
and ring-opening polymerization are all compatible with disulfide-containing monomers and
allow direct preparation of bioreducible polycations. Only ring-opening polymerization and
Michael polyaddition, however, allow easy direct synthesis of bioreducible polycations with
disulfide bonds in the polymer backbone. Oxidation of thiolated oligo- and polyamines or
their crosslinking using bioreducible low-molecular-weight crosslinkers are versatile
alternatives to the above polymerization methods that can be performed with virtually any
oligo- and polyamine. The following sections will discuss the main synthetic methods of
bioreducible polycations. The first part focuses on methods that do not utilize sulfur
chemistry (i.e., they use molecules that already contain disulfides that will become part of
the polycations). The subsequent two parts focus on methods that rely on thiol-disulfide
chemistry to prepare bioreducible polycations.

4.1. Synthesis from disulfide-containing monomers and crosslinkers

4.1.1. Poly(amido amine)s—Poly(amido amine)s (PAA) transpired as one of the most
successful and most widely investigated classes of bioreducible polycations. PAA are a
family of water-soluble polymers discovered and developed by Paolo Ferruti in the
1960's.[46] PAA are synthesized by Michael polyaddition of primary or secondary aliphatic
amines to the CH,=CH bond of bisacrylamides (Figure 3). The Michael polyaddition is
typically performed under mild conditions in water or in a mixture of water with alcohols.
Michael polyaddition is compatible with monomers that contain variety of functional
groups, including disulfides, alcohols, amides, tertiary amines, and guanidinium
moieties.[46-49] As a result, bioreducible PAA can be easily prepared using either disulfide-
containing amines such as N,N’-dimethylcystaminel®% or bisacrylamides such as N,N’-
cystaminebisacrylamide (CBA, 1).[51] Vast majority of the reported bioreducible PAA uses
commercially available CBA as the disulfide-containing monomer. Indeed, synthesis of the
very first bioreducible PAA was reported in 2004 using the reaction of 2-methylpiperazine
with CBA.[52]

PAA are polyelectrolytes that contain regularly spaced tertiary amines and amides along the
polymer chain. Acid-base behavior of PAA depends on the structure of the amine monomer
and the nature of the side substituents. Unlike most polycations used in nucleic acid delivery
(i.e., PEI), the ionization behavior of individual amines in PAA is usually similar to the
behavior of low-molecular-weight amines. In other words, the ionization of the individual
amines in PAA is not affected by the ionization state of the entire macromolecule and is thus
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not significantly influenced by molecular weight of PAA.[53] This behavior is due to the
relatively long distance between the ionizable groups in PAA.[46]

Primary amines and secondary diamines act as bifunctional monomers and their use leads to
the synthesis of linear PAA. The use of primary diamines (8, 9) leads to either insoluble
crosslinked PAA or soluble branched PAA if the reaction is performed at low temperatures
or low monomer concentrations. In some cases, primary diamines such as 8 can be used in
their mono-protonated form to prepare soluble PAA.[54] Linear bioreducible PAA can be
prepared from primary diamines by protecting one of the amines with a protecting group
removable in acidic conditions.[5®] The use of mixed primary/secondary amines (10, 11)
also leads to branched PAA but degree of branching can be controlled by stoichiometry and
reaction temperature due to different reactivities of the primary and secondary amines.[561 In
this type of Michael polyaddition, the amine reactivity typically decreases in the following
order: secondary amine (original) > primary amine >> secondary amine (formed). As a
result, reaction of equal molar ratio of a triamine monomer (11) and bisacrylamide
monomers produces linear polymers.[57] The topology of these polymers can be also
controlled by polymerization temperature because the reactivity of the formed secondary
amines is significantly enhanced by elevating reaction temperature above ~50 °C, leading to
the formation of hyperbranched polymers.[58] The versatility of Michael polyaddition was
recently demonstrated even on monomers such as cyclam (12) and bicyclam CXCR4
antagonist Plerixafor (13) containing multiple secondary amines.[9 601

4.1.2. Disulfide crosslinkers—Controlled crosslinking of existing oligoamines and
polyamines is among the simplest ways of preparing bioreducible polycations. This
approach has been widely applied to the synthesis of bioreducible PEI by reacting
oligoethylenimine with small-molecule crosslinkers containing disulfide bond.[62-63] Several
commercially available crosslinkers are suitable for this purpose. Three different crosslinker
chemistries are commonly used as shown in Figure 4. Bisacrylamide crosslinker (1) reacts
with either primary or secondary amines by Michael addition, resulting in the formation of
secondary or tertiary amines. Imidoester crosslinker (14) reacts only with primary amines
and forms permanently charged amidinate salts. Reactive ester crosslinkers, such as N-
hydroxysuccinimidyl ester (15), react with primary or secondary amines to form amides.[64]
Thus, crosslinkers 1 and 14 preserve the overall charge of the crosslinked polycation, albeit
with the basicity of the amine changed. In contrast, crosslinker 15 decreases the total
number of protonizable amines in the polycations. The net positive charge of polycations
prepared with 15 is further decreased due to the formation of carboxylic acid groups by
partial hydrolysis of the active ester groups during the crosslinking reaction. Because of the
multivalent nature of the polycations used and random nature of the crosslinking, the
synthesized bioreducible polycations are usually branched or hyperbranched polymers.
Although this decreases the reaction control and definition of the product, the simplicity of
the crosslinking reaction offers the possibility to synthesize small polycation libraries and to
rapidly screen numerous polycations.[62]

Bioreducible crosslinkers are also applicable as a way of directly stabilizing the polyplexes.
In such case, the polyplexes are formed with non-bioreducible oligo- or polycations and
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treated with a suitable low-molecular-weight crosslinker. The treatment reversibly stabilizes
the polyplexes by creating crosslinked network of bioreducible polycations within the
polyplex.[85-701 While the polyplex crosslinking is experimentally a simple method, the
characterization of the properties of the bioreducible polycations within the polyplexes is
challenging and thus rarely performed.

4.1.3. Miscellaneous methods—Alternative synthetic strategies that do not involve
reactions on the sulfur include grafting of cationic oligomers to non-charged polymer
backbones such as dextran or hyaluronic acid by a disulfide bond.["1-75] A representative
example of such approach utilizes dextran modified with disulfide-containing functional
groups that are capable of initiating controlled radical polymerization of N,N-
dimethylaminoethylmethacrylate (DMAEMA).[73]

Although radical polymerization has been used to synthesize variety of polycations, there
are no available reports of direct synthesis of bioreducible polycations. That is despite the
fact that unlike thiols, which have high chain-transfer constants, the transfer constants of
disulfides are significantly smaller and monomers with disulfides in the sidechain can be
readily polymerized by free radical polymerization as well as controlled radical
polymerizations such as RAFT and ATRP.

Interesting use of disulfide exchange for stabilization of polyplexes based on hyperbranched
bioreducible PAA was reported by the You lab. The polyplexes were heated to 50 °C for 15
min to trigger disulfide-disulfide exchange that resulted in the internal crosslinked structure
within the polyplexes.[7¢]

4.2. Synthesis by oxidation of thiols

4.2.1. Polypeptides—Pioneered by the Rice lab, bioreducible polypeptides represent one
of the earliest examples of bioreducible polycations used in gene delivery.[77] Synthesis of
cationic peptides that contain two or more cysteine residues and subsequent oxidation of the
cysteine thiols leads to high molecular weight bioreducible polypeptides. The cysteine thiols
can be oxidized using either oxygen or other mild oxidizing agents such as
dimethylsulfoxide.[78-81] When higher stability of the disulfide bonds in reducing
environment is required, penicillamine with sterically hindered thiol can be used in place of
cysteine (Figure 5). Bioreducible polypeptides combine the exquisite control of amino acid
sequence of peptides with the benefits of high molecular weight polycations in protecting
nucleic acids. This approach represents a viable alternative of preparing high molecular
weight repetitive polypeptides with a better control over the amino acid sequence and
molecular weight than traditional chemical synthesis. This approach is also an easier
alternative to polypeptide synthesis using genetic engineering methods, which provide the
ultimate control over the properties of polypeptides.[82]

The polypeptides can be synthesized from multiple different peptide building blocks and
thus present a straightforward way of preparing polymers that combine polyplex-forming
capability with a biological function of the used peptides.[81. 83-86] Examples of such
multifunctional bioreducible polypeptides include those that combine membrane-active
peptides rich in arginine (e.g., Cys-(Arg)g-Cys) or endosomolytic peptides rich in histidine
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(e.g., Cys-Lys-(His)sz-Lys-(His)3-Cys) with nuclear localizating peptides (e.g., Cys-Gly-Ala-
Gly-Pro-(Lys)s-Arg-Lys-Val-Cys).[87. 88] This approach can be also used to incorporate
non-peptide functionalities such as poly(ethylene glycol) (PEG) and carbohydrates into the
bioreducible polypeptides.[7: 83, 89-91] A notable weakness of these multifunctional
bioreducible polypeptides is the random distribution of the individual peptide blocks along
the polymer chain. The Rice lab recently reported an improved synthesis, named iterative
reducible ligation that now allows controlling the order of the individual peptide blocks in
bioreducible polypeptides.[92. 93]

Similar to the crosslinking approaches discussed above, bioreducible polypeptides can be
prepared in situ after formation of polyplexes using cysteine-flanked cationic peptides.
When polyplexes are formed using this method, the local concentration of the thiol groups
increases substantially, which leads to an easy aerial oxidation without the need for any
additional oxidizing agents. One of the advantages of this approach, also called DNA
template-assisted polymerization, is that using peptides with three and more cysteine
residues results in the formation of polyplexes stabilized by disulfide crosslinks without the
need for additional reagents or synthetic steps.[9]

4.2.2. Thiolated polycations—Similar to bioreducible polypeptides, introduction of thiol
groups to the structure of polycations allows easy synthesis of bioreducible polycations by
thiol oxidation. Oxidation of thiol-containing polycations offers tremendous versatility
because virtually any polycation with primary, secondary or tertiary amines can be
thiolated.[%%] Various methods of thiolation have been reported (Figure 6). Among the most
common are methods that use reaction of iminothiolane with primary amines of a polycation
such as PEI and poly(L-lysine) (PLL).[9-98] Using iminothiolane conserves the number of
positive charges of the polycation and is applicable to both conventional synthesis of
polycations as well as in situ formation of bioreducible polycations after polyplex formation
with thiolated polycations. For example, the Kataoka lab reported synthesis of thiolated
block copolymer of PEG and PLL using iminothiolane. After formation of polyplexes with
SiRNA, oxidation of the thiols in the core of the polyplexes yielded bioreducible PLL.[%]
Alternative thiolation chemistries that were used to synthesize bioreducible PEI include the
use of thiirane and methylthiirane, which provides polycations with sterically hindered thiols
(Figure 6).[100, 101]

Several attempts have been made to improve the above random thiolation strategies by
precisely controlling the location and number of thiol groups in polycations. Synthesis of
well-defined bioreducible linear PEI by oxidation of a,w-bisthiol-oligoethylenimines has
been described by Park and colleagues.[192] Similar approach that relies on oxidation of c,m-
bisthiol polymers has been applied to methacrylate-based polycations by our lab. Taking
advantage of the ability of reversible addition-fragmentation chain transfer (RAFT)
polymerization to prepare polymers with well-defined endgroups, we synthesized N,N-
dimethylaminoethyl methacrylate (DMAEMA) copolymers with terminal thiol groups
(Figure 7). Linear bioreducible poly(DMAEMA) polycations were then prepared by
oxidation of the terminal thiols with dimethylsulfoxide.[103, 104]
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4.3. Synthesis by thiol-disulfide exchange polymerization of cyclic disulfides

Polymerization of cyclic cationic disulfides by thiol-disulfide exchange is another method of
synthesis of bioreducible polycations which includes reactions directly involving sulfur. A
prototypical example of such reaction is the ring opening polymerization of lipoic acid or
similar cyclic disulfides like asparagusic acid.[1%€] Historically, probably the first example of
a bioreducible polycation prepared by this method has been described by Balakirev and
colleagues in 2000.[107] The authors prepared a cationic derivative of lipoic acid which was
polymerized by opening the 1,2-dithiolane ring using a thiol-containing peptide or a
reducing agent dithiothreitol. With the exception of polymerized liposomes,[108] the use of
this nearly forgotten polymerization has been recently promoted by the Matile lab who used
it to synthesize guanidinium-rich cell-penetrating polydisulfides (Figure 8).11091 An
alternative example of thiol-disulfide exchange polymerization not based on lipoic acid was
reported by the Miller lab who used cyclic disulfides based on spermine.[110] Overall, this
synthetic method has a number of attractive features that makes it a prime target for further
exploration in nucleic acid delivery.

5. Nucleic acid delivery properties of bioreducible polycations

5.1. Cellular uptake and trafficking

The main function of bioreducible polycations in nucleic acid delivery is to safely deliver
the nucleic acids to their intracellular site of action. This requires that polyplexes are
efficiently taken up by cells and routed through appropriate trafficking pathways to avoid
premature release and degradation of the nucleic acids (Scheme 1). Current understanding of
bioreducible polyplexes suggests that their uptake and intracellular trafficking follows
similar principles as conventional non-bioreducible polyplexes.l111-113] Here, we will focus
mostly on the unique features of bioreducible polyplexes.

Similar to conventional polyplexes, bioreducible polyplexes rely on a charge-mediated
attachment to the heparan sulfate proteoglycans on the cell surface to facilitate
internalization.[114] In addition, however, oxidoreductases (e.g., PDI) and redox-active thiols
on the surface of plasma membrane may participate in thiol-disulfide exchanges with
bioreducible polycations and affect cellular uptake. Evidence for the involvement of PDI in
the uptake of disulfide-containing polycations has been reported as early as 1990.132] The
ability of the plasma membrane thiols to participate in thiol-disulfide exchange has been also
confirmed in multiple studies with films based on bioreducible polycations.[56. 115-118]
Involvement of the surface thiols in cell uptake of polyplexes based on bioreducible PAA
was substantiated in our recent study.[119] Cell uptake of bioreducible polyplexes was
significantly higher than uptake of non-bioreducible polyplexes based on chemically similar
PAA. Blocking plasma membrane thiols with cell impermeable thiol blocker DTNB
abrogated the enhanced uptake of the bioreducible polyplexes. Increased cell uptake of
bioreducible polyplexes was also reported by the Bae lab in a study that compared
bioreducible PEI with a control non-degradable PEI.[9] Recent work by the Leroux lab with
PAMAM dendrimers implicated cell surface oxidoreductases in the process of disulfide
reduction and suggested their involvement in enhanced cell uptake of bioreducible
polyplexes.[120] Although direct comparison with chemically similar polycations was not
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reported, several studies by the S. W. Kim lab have shown greatly enhanced uptake of
polyplexes based on a series of bioreducible PAA when compared with PEI
polyplexes.[121. 122] Despite the growing supporting evidence, it is fair to mention that not
all studies support the involvement of surface thiols in cell uptake of disulfide-containing
polymers and polyplexes.[23. 123]

Multiple endocytic pathways may participate in the internalization of polyplexes but only
some of them facilitate transfection. In one of rare mechanistic studies of intracellular
trafficking of bioreducible polyplexes, Braeckmans and colleagues have shown flotillin-
dependent endocytosis and a PAK1-dependent phagocytosis-like mechanism as the two
major cellular internalization pathways.[124: 1251 However, it was the flotillin-1-dependent
endocytosis that was responsible for transfection of the bioreducible PAA polyplexes.
Clathrin- and caveolae-mediated endocytotic pathways had only limited role in uptake and
trafficking of the bioreducible polyplexes. These findings were similar to a previous report
on PEI polyplexes, suggesting that the presence of disulfide bonds does not impart unique
trafficking properties.[124] In contrast, results reported by Shen and colleagues point to
caveolae- and PI3K-mediated endocytosis as those responsible for transfection of polyplexes
based on bioreducible PAA.[126] Different chemical structures of the used polycations and
different cell lines may explain the reported differences.

Following endocytic uptake, polyplexes have to escape from the endo/lysosomal pathway
into cytoplasm in order to avoid routing into lysosomes. Once in the cytoplasm, the
polyplexes are exposed to a highly reducing environment in which bioreducible polycations
can be degraded. As a result, the nucleic acid can be efficiently released from the
polyplexes. Multiple studies support rapid disulfide reduction and cytoplasmic release of
nucleic acids from bioreducible polyplexes. Using confocal microscopy, Kim and colleagues
showed maore efficient cytoplasmic release of sSiRNA from polyplexes based on bioreducible
PAA when compared with polyplexes based on PEI. The authors suggested that strong
electrostatic interactions and lack of intracellular degradation of PEI was behind the
observed differences.[127] Further evidence for efficient cytoplasmic siRNA and DNA
release from bioreducible polyplexes was provided by a study with arginine-grafted
bioreducible PAA (Figure 9).[122. 128] The study corroborated the relationship between
cytoplasmic GSH and siRNA release by showing that cytoplasmic localization of sSiRNA
was diminished after GSH depletion with buthionine sulphoximine (BSO). No such effect
was observed for PEI polyplexes. Similar effect of bioreducible polycations on intracellular
release of plasmid DNA was reported by the Vinogradov lab.[12%] Confocal microscopy
showed that more diffused signal of fluorescently labeled DNA was observed in the
cytoplasm when the DNA was delivered by bioreducible PEI than when delivered by non-
reducible PEI. The Leong lab developed FRET-based method to study release of DNA from
polyplexes.[130] Recent publication indicates that the half-life of intracellular DNA release
from bioreducible PAA polyplexes is between 5 and 17 hours, depending on the method of
polyplex preparation.[!31] Unfortunately, no direct comparison between bioreducible and
non-bioreducible polyplexes was conducted to allow determination of the effect of
intracellular degradation of bioreducible polycations on the rate of DNA release.
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5.2. Transfection activity

The most often cited rationale for the use of bioreducible polycations is their potential to
facilitate intracellular release of nucleic acids as a result of fast intracellular disulfide
reduction. This in turn is expected to improve transfection due to enhanced availability of
the nucleic acids. Bioreducible polycations have been successfully used to transfect a variety
of nucleic acids (plasmid DNA, siRNA, mRNA, miRNA), often with superior transfection
activity when compared with commercial transfection agents. Yet, despite intensive research
spanning more than a decade, the evidence to support the main underlying assumption is
weak and the available studies paint more complicated picture of the mechanism of action of
bioreducible polycations than originally conceived.

We conducted a head-to-head comparison of transfection properties of chemically analogous
bioreducible and non-bioreducible PAA with the goal of assessing the role of bioreducibility
on polyplex transfection.[132] We have evaluated polyplexes of plasmid DNA, mRNA,
SiRNA, and antisense oligonucleotides (AON) in a panel of human pancreatic cell lines
containing different levels of innate GSH (Table 1). Overall, no clear relationship was found
between cellular GSH concentration and relative transfection of bioreducible polyplexes.
Multiple previous studies attempted to demonstrate such association between intracellular
GSH and activity of bioreducible polyplexes by biochemically altering GSH levels in the
cells. The evidence overall suggests that biochemically changing cellular GSH levels leads
to changes in transfection, albeit the differences are usually small. In general, artificially
increasing the cellular GSH leads to an increase in transfection activity of bioreducible
polyplexes.[51. 79.107] Contradicting reports that show a transfection decrease, however, are
also available.[80]

When evaluating the effect of the type of delivered nucleic acid, we have found that only
mRNA benefited consistently across the panel of cell lines from using bioreducible
polycations (Table 1). The bioreducible PAA mediated mRNA transfection that was 2-54-
fold higher than transfection mediated by the non-bioreducible PAA. Bioreducible PAA
showed increased plasmid DNA transfection in only 2 out of 4 tested cell lines. Likewise,
results from the Engbersen lab show that increasing disulfide content in bioreducible PAA
does not result in straightforward effect on transfection.[33] In our studies, bioreducible
PAA showed no benefit over non-bioreducible PAA in delivery of small nucleic acids
(siRNA, AON), an observation confirmed in another recent study.[119] It is worth noting that
MRNA polyplexes had by far the highest stability against polyelectrolyte exchange.
Polyelectrolyte exchange reactions are widely believed to be the main mechanism of
intracellular release of nucleic acids from polyplexes. Several other studies confirm that
using bioreducible polyplexes benefits mMRNA transfection when compared with non-
degradable polycations.[79: 801

The above discussion confirms high transfection ability of bioreducible polyplexes. There is
one class of bioreducible polyplexes, however, in which the presence of disulfides results in
markedly decreased transfection. Crosslinking polyplexes with bioreducible crosslinkers
(Figure 4) often leads to several orders of magnitude loss of transfection activity. For
example, the Kissel lab reported more than a 1,000-fold decrease in luciferase expression of
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PEI polyplexes crosslinked with (15).[79] Similar decrease in transfection was observed by
the Seymour lab for PLL polyplexes crosslinked with (14).156] An interesting aspect of these
polyplexes is that the most likely reason for the decreased transfection was a compromised
endosomal escape due to restricted polycation mobility caused by to the covalent
crosslinking.[134 1351 pre-treatment with a reducing agent or direct injection of the
polyplexes into the cytoplasm or the nucleus of the cells restored transfection activity of the
crosslinked polyplexes. From the perspective of the site of disulfide reduction, these
findings suggest that extracellular or endosomal disulfide reduction were not major
contributors to disulfide reduction in the crosslinked polyplexes.

5.3. Toxicity

Toxicity of polycations is a well-known occurrence and a major concern for clinical
application of polycation-based nucleic acid delivery.[136-138] The half-maximal cytotoxic
dose (ICgq) of PEI in cell viability assays in vitro is typically in the range 5-20 pg/mL. The
maximum tolerated dose (MTD) of linear PEI (22 kDa) in mice is reported to be around 2.4
mg/kg body weight.[23%] For comparison, MTD in mice of a common anticancer agent
doxorubicin is 8-10 mg/kg body weight and MTD of another widely used anticancer drug
cisplatin is 4 mg/kg body weight.[140. 141]

A generally accepted 2-phase model of polycation cytotoxicity has been proposed by the
Mikos lab[13¢] and corroborated by the work of the Moghimi lab.[138: 142] phase 1 of
polycation cytotoxicity occurs within the first hour of exposure and includes disruption of
cellular membranes and induction of membrane leakage due to pore formation.[138. 143, 144]
One of the characteristic features of this phase is the release of lactate dehydrogenase and
redistribution of phosphatidylserine from the inner plasma membrane to the outer cell
surface. Phase 2 cytotoxicity originates from intracellular effects of polycations on
mitochondrial membrane, which lead to induction of apoptosis demonstrated by significant
activation of the effector caspase 3.1145-147] Another likely contributing factor to the
apoptotic effect of polycations is leakage of lysosomal proteases into cytoplasm as a result
of lysosomal lysis by the polycations.[148]

Toxicity of polycations is strongly dependent on their molecular weight and charge density.
Rapid intracellular degradation of bioreducible polycations should thus contribute to
decreased cytotoxicity. The extent of cytotoxicity reduction, however, will strongly depend
on the kinetics and location of the degradation of the bioreducible polycations. If
degradation occurs at least partially in the extracellular space, as suggested by some,[120. 149]
both phases of polycation cytotoxicity may be positively affected. If the degradation occurs
in endo/lysosomes, then only phase 2 events may be positively affected, while phase 1
effects will be observed. If degradation occurs in the cytoplasm, then only phase 2 events
associated with mitochondrial damage, but not those associated with lysosomal lysis, may
be positively affected. Little can be gained if the degradation kinetics is much slower than
the kinetics of toxicity. It is thus unlikely that phase 1 cytotoxicity, which occurs within the
first hour of exposure, can be reduced to any significant extent by the use of bioreducible
polycations unless they are rapidly degraded in the extracellular space.
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Most published reports show that bioreducible polycations do indeed exhibit decreased in
vitro cytotoxicity when compared with control non-bioreducible

polycations.[51: 63,102, 122,133, 150] \whjle |Cs values are not always reported, bioreducible
polycations often exhibit 5-25-fold higher ICsq when compared with non-bioreducible
polycations of similar chemical structure and molecular weight. For example, the
cytotoxicity of bioreducible polycation prepared from thiolated PEI was 8-19 times lower
than that of the control PEI.I%I In our recent study, bioreducible PAA showed ICs that
were, depending on the cell line, about 12- to 25-fold higher than 1C5q of comparable non-
bioreducible PAA.[151 The cytotoxicity was closely tied to disulfide content in bioreducible
PAA and to total GSH levels in the used cells (Figure 10). Bioreducible PAA also exhibited
greatly decreased activation of caspases and extent of apoptosis. In contrast to the beneficial
effect on phase 2 cytotoxicity, bioreducibility had only negligible effect on phase 1
cytotoxicity, suggesting a primarily intracellular site of degradation of the bioreducible
PAA. Surprisingly, plasma membrane thiols selectively increased cytotoxicity of
bioreducible PAA, while having no effect on the cytotoxicity of non-reducible PAA. This
was most likely due to increased cell uptake and membrane perturbation by bioreducible
PAA due to the formation of mixed disulfides with cell surface thiols.

Decreased toxicity of bioreducible polycations has been well-documented in vitro but
corresponding evidence that would demonstrate similar decrease in toxicity in vivo is
lacking. Our own anecdotal unpublished data suggest that bioreducible polycations have
comparable acute toxicity in vivo when compared with non-bioreducible control polycations
with similar chemical structure.

5.4. In vivo properties

The above discussion demonstrated beneficial features of bioreducible polycations in
delivery of nucleic acids in vitro. Majority of bioreducible polycations is intended for use in
systemic delivery of nucleic acids. It is therefore important to establish if their advantageous
features in vitro translate into improved properties in vivo. In particular, we need to address
the following questions that address the validity of the main rationale behind the use of
bioreducible polycations (i.e., extracellular stabilization combined with easy intracellular
degradation). First, are disulfides in bioreducible polycations sufficiently stable during
systemic circulation to protect the nucleic acids and facilitate delivery to target tissues?
Second, does rapid intracellular degradation of bioreducible polycations result in enhanced
transfection activity in vivo? Third, does the decrease in toxicity of bioreducible polycations
observed in vitro translate into improved safety profile in vivo? These questions would be
best answered in head-to-head comparative studies in which bioreducible polycations are
assessed against non-bioreducible polycations with similar chemical structure and
properties. Unfortunately, such studies are exceedingly rare and there is currently
insufficient amount of evidence to provide definitive answer to the above questions.

Although the environment in blood plasma is mostly oxidizing, the presence of low
concentrations of small molecule thiols (cysteine and GSH) means that degradation of
bioreducible polycations cannot be completely ruled out. Furthermore, abundant protein
thiols (e.g., serum albumin) can chemically react with bioreducible polycations by thiol-
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disulfide exchange and potentially modify the pattern with which proteins bind to
polyplexes and thus alter their in vivo fate. Several past studies with bioreducible
polycations support sufficient stability of the disulfides in plasma circulation.[66. 70, 152]
Experience with drug-antibody conjugates such as Mylotarg in which the drug was
conjugated to the antibody using a linker with sterically hindered disulfide further supports
the compatibility of disulfide-containing delivery systems with systemic delivery.[2]
Extended plasma circulation was successfully demonstrated using polyplexes based on
bioreducible polypeptides prepared from Cys(Lys)10Cys and PLL polyplexes based on the
use of disulfide crosslinkers.[66. 1521531 For example, polyplexes based on disulfide
crosslinker 14 exhibited plasma circulations times that increased with increasing content of
the crosslinker. Almost 40% of the injected dose was found in circulation for highly
crosslinked polyplexes, whereas only 5.8% of control non-crosslinked polyplexes remained
in circulation 30 min post-injection.[5¢] These findings were also confirmed for disulfide-
crosslinked PEI polyplexes.[70 Several recent biodistribution studies demonstrated the
ability of bioreducible PAA to deliver nucleic acids to tumors.[154: 1551 |mproved
transfection activity of bioreducible polyplexes was demonstrated by the Wagner lab. Head-
to-head comparison of PEI polyplexes stabilized with either bioreducible crosslinker 15 or
analogous non-reducible crosslinker showed not only increased transfection but also a
longer duration of transgene expression after intratumoral injection. Targeted gene
expression in tumor tissue was also achieved after systemic administration of the
bioreducible polyplexes.[15¢]

5.5. In vivo delivery of therapeutic nucleic acids

Growing number of studies report successful application of bioreducible polycations to
deliver therapeutic nucleic acids. Plasmid DNA and siRNA have been successfully delivered
with bioreducible polycations and demonstrated promise in the treatment of various diseases
in a range of animal models.

Notable progress in the application of bioreducible PAA has been made by the S. W. Kim
lab in multiple therapeutic areas. Plasmid encoding hypoxia-inducible vascular endothelial
growth factor (RTP-VEGF) was delivered by bioreducible PAA in a rabbit myocardial
infarct model. The results showed a 4-fold increase in VEGF protein expression in the
region of the infarct compared to control PEI polyplexes.[157] A significant decrease in
blood glucose level in type Il diabetic mice was observed after a single intravenous
administration of polyplexes prepared with exendin-4 plasmid and bioreducible PAA grafted
with arginine.[158] Another promising application of the arginine-grafted bioreducible PAA
was reported for in vivo delivery of human erythropoietin plasmid DNA to produce long-
term therapeutic erythropoiesis to treat anemia. Intravenous administration of a single dose
of the polyplexes significantly increased hematocrit levels over a 60-day period in rats.[15°]
The same polyplexes were also applied to treat myocardial infarction in rats.[160]

Bioreducible polypeptide prepared from Cys-(D-Arg)g-Cys was used to deliver heme
oxygenase-1 gene to treat hypoxic-ischemic brain injury in rats.[161] The same bioreducible
polypeptide was also successfully applied to the delivery of suicide gene herpes simplex
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virus-thymidine kinase (HSV-tk) in combination with small molecule drug ganciclovir to
treat spinal cord tumors in rats by intratumoral administration.[162]

In addition to plasmid DNA, bioreducible polycations have been successfully used to deliver
therapeutic siRNA. Bioreducible PAA modified with cholesterol to increase stability of
siRNA polyplexes was used for systemic VEGF siRNA delivery to successfully treat breast
cancer in nude mice.[263] Bijoreducible PEI was conjugated with N-acetylglucosamine and
indocyanine-green to deliver TGFB1 siRNA to image and treat liver fibrosis in mice.[164]
The above described bioreducible polypeptide based on D-Arg could be also used for
intratumoral administration of the polyplexes containing VEGF siRNA in a subcutaneous
squamous cell carcinoma tumor model.[265] Wang and Lin et al. have applied bioreducible
PEI in human telomerase reverse transcriptase (nTERT) siRNA delivery to treat
subcutaneous HepG2 liver tumor in nude mice. The in vivo study showed significant
inhibition of tumor growth after intratumoral administration of the bioreducible polyplexes
compared with the control PEI.[63]

6. Conclusions

Bioreducible polycations continue to justify their rising importance in nucleic acid delivery.
Growing body of literature demonstrate their safety and suitability to deliver a broad range
of nucleic acids both in vitro and in vivo. Multiple therapeutic application areas of
bioreducible polycations emerged ranging from cancer to cardiovascular diseases. Yet,
despite the tremendous progress in the last decade, more than a few fundamental questions
about the mechanism of action of bioreducible polyplexes remain. Future growth will, in
great part, depend on deeper understanding of the relative contributions of the various
cellular and body redox pools to the properties and behavior of bioreducible polyplexes.
Increased focus on in vivo properties and applications in additional disease models will
further underscore the future success of this class of nucleic acid delivery vectors.
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Principle of nucleic acid delivery by bioreducible polycations.
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Figure 1.

Mechanism of thiol-disulfide exchange by oxidoreductases. Reproduced with
permission.[391 Copyright 2002, Nature Publishing Group.
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Figure 3.

Synthesis of bioreducible PAA by Michael polyaddition and examples of common amines

used in the synthesis of linear and branched PAA.
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Figure 4.
Bioreducible crosslinkers used in the synthesis of bioreducible polycations.
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Figure 5.
Cationic peptides used in the synthesis of bioreducible polypeptides based on cysteine (left)

and penicillamine with sterically hindered thiol (right).
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Figure 7.
Structure of well-defined a,m-bisthiol polycation based on N,N-dimethylaminoethyl

methacrylate prepared by RAFT polymerization.[10%]

Macromol Biosci. Author manuscript; available in PMC 2015 July 01.

Page 29



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Oupicky and Li

O O
H H

N N
[NH [NH
HZNANHZ‘“ HZNANHZ‘“
Figure 8.

Thiol-disulfide exchange polymerization of cationic lipoic acid derivative.[109]
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Figure 9.
Improved cytoplasmic release of DNA from polyplexes prepared with bioreducible PAA.

Intracellular distribution of fluorescently labeled DNA delivered with PEI (A) or
bioreducible PAA (B). (red dashed circles indicate cell nuclei) Reproduced with
permission.[122] Copyright 2009, Elsevier Ltd.
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Figure 10.

Cytotoxicity of bioreducible polycations decreases with increasing disulfide content and
cellular GSH levels. (Adapted from [151])
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Relative transfection of bioreducible PAA in a panel of pancreatic cancer cell line with increasing cellular
GSH content.? (Adapted from [132])

Nucleic acid Cell line (GSH concentration)

Panc-1 (1.1 mM) MiaPaCa (2.4 mM) AsPC-1(4.7mM) Panc-28 (7.5 mM)
Plasmid DNA 0.9 3.2 54 0.1
mRNA 5.6 8.8 2.0 54
SiRNA 0.7 1.0 0.9 0.8
AON 0.7 1.2 1.6 13

a\/alues in the table were calculated by dividing transfections of polyplexes made with bioreducible PAA with transfections of non-bioreducible

PAA polyplexes.
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