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ABSTRACT: Gene therapy is a promising strategy for the treatment
of monogenic disorders. Non-viral gene delivery systems including
lipid-based DNA therapeutics o er the opportunity to deliver an
encoding gene sequence specifically to the target tissue and thus
enable the expression of therapeutic proteins in diseased cells.
Currently, available gene delivery approaches based on DNA are
ine cient and require improvements to achieve clinical utility. In this
Review, we discuss state-of-the-art lipid-based DNA delivery systems
that have been investigated in a preclinical setting. We emphasize
factors influencing the delivery and subsequent gene expression in
vitro, ex vivo, and in vivo. In addition, we cover aspects of nanoparticle
engineering and optimization for DNA therapeutics. Finally, we
highlight achievements of lipid-based DNA therapies in clinical trials.
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health burden. Gene therapy o ers great potential for the

treatment of various orphan monogenic disorders.*
However, the translation from in vitro to in vivo remains a
major hurdle for most nucleic acid delivery systems due to poor
in vitro—in vivo correlation and lack of both e cient and safe
carrier systems.? So far, only 4.2% of all clinical trials involving
gene therapy approaches reached a late clinical phase.®> The
majority of all initiated clinical studies use viral vectors. The low
success rate was often attributed to key limitations of viral
systems with respect to immunogenicity and generalized
toxicity.* Consequently, non-viral lipid-based gene delivery
systems have gained much attention due to their reduced
immunogenicity, large payloads, safety, and ease of manufactur-
ing.>® They o er the possibility to transport large biomolecules
including nucleic acids with reasonable specificity to diseased
target cells.

The term “nucleic acids” here includes various types of nucleic
acid polymers such as (but not exclusively) plasmid DNA
(pDNA), messenger RNA (mRNA), small interfering RNA
(siRNA), or anti-sense oligonucleotides (ASOs). During the last
decades, a wide range of nanoparticulate gene delivery systems
have been developed. Promising results for RNA interference
(RNAI) therapeutics using lipid-based nanoparticles have been
achieved and several companies have initiated clinical trials.
The first RNAI therapeutic (Onpattro, formerly known as
patisiran) to receive FDA approval (August 2018) uses a lipid-

I nherited genetic diseases represent a considerable public
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based nanoparticle delivery system.*? However, these systems
do not allow the introduction and subsequent expression of
therapeutic proteins. In addition, the induced pharmacological
e ects obtained by most of these siRNA-based strategies are
short-lived, i.e, in the range of days and weeks, in contrast to
months, for gene delivery using a DNA expression vector.™
Therefore, the use of DNA-based therapeutics o ers a favorable
option for the induction of long-term therapeutic e ects without
the need for insertion into the genome and accompanying o -
target e ects. (The term “DNA therapeutics” is solely used in
this Review article as an umbrella term to describe delivery
systems for DNA expression vectors. Other DNA therapeutics
such as antisense oligonucleotides, aptamers, or DNAzymes are
not considered.) Theoretically, nanoparticulate gene delivery
systems can accommodate large DNA polynucleotides with a
size of up to 52.5 kbp (see the DNA Vector Encoding Gene of
Interest section). However, smaller polynucleotides are
considered to be more easily encapsulated or more easily
translocated to the nucleus (in the case of pPDNA). It was shown
that plasmids up to a size of 20 kbp can be encapsulated and
delivered without hampering the transfectione  ciency.'* Using
pDNA expression vectors, it is thus possible to transfer both a
gene of interest (“gene delivery” including “knock-in” strategies)
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Figure 1. Schematic representation of di erent hurdles for systemically administered non-viral DNA therapeutics in vivo. (1) Production of
stable DNA-loaded lipid-based nanoparticles. (2) After intravenous injection, DNA therapeutics need to circulate in the blood compartment.
(3) After the passage of fenestrated blood vessels, (4) nanoparticles bind to the target cells. Cellular uptake of DNA nanoparticles is an active
transport process. (5) After endosomal escape (triggered by a pH decrease within the endosome), (6) the DNA is released from the nanoparticle
into the cytoplasm. (7) Nuclear tra cking results in (8) transcription of the gene. (9) Finally, the mRNA is transported into the cytoplasm,
where the exogenous protein is translated. (10) Further processing results in a mature protein, which performs its function inside the host cell
or after release into circulation.

Table 1. Comparison between Lipid- and Polymer-Based Gene-Delivery Systems®

type of
delivery
system

lipid-based

polymer-
based

advantages

most thoroughly investigated non-viral delivery systems

incorporation of hydrophilic and hydrophobic substances
possible

low toxicity
low immunogenicity

surface modification allows targeting (e.g., ligands) and extended
blood circulation time (e.g., PEGylation)

biodegradable

stable incorporation of large DNA molecules
transfection of a wide variety of cell types
preparation of stimuli-responsive systems

lipid-based delivery systems that have already been approved by
FDA and other regulatory agencies

wide variety of chemically diverse structures

strong DNA condensation capacities

targeting possible via site-specific attachment of ligands

biodegradability of many polymers such as chitosan, PLGA, or
PLL

stable to aggregation under physiological conditions
strong bu ering capacity (e.g., PEI)

disadvantages

toxicity of permanently charged cationic lipids
an be colloidally unstable systems resulting in low half-life stability on storage

rapid sequestration by the RES unless PEG coating
historically low transfection e ciency compared to viral vectors

cytotoxicity of highly cationic polymers

biodegradability issues for certain polymers
immune response to polymers

significant influence of the molecular weight for certain polymers (e.g., PEI) or the
generation number of e.g., polyamidoamine dendrimers

no polymer-based delivery system in late clinical stages
poorly defined systems of variable size and molecular weight

2Expert opinion summarizing the most important advantages and disadvantages of both lipid- and polymer-based gene-delivery systems.
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Figure 2. Therapeutic applications for lipid-based DNA therapeutics. (1) DNA-directed RNA interference (ddRNA Interference) can be used to
knock down protein expression. The DNA encodes for a shRNA (short hairpin RNA) or dsRNA (double-stranded RNA), which is processed in
the cytoplasm by Dicer (an endoribonuclease) to siRNA. Together with argonaute proteins, siRNAs build the RNA interference silencing
complex (RISC), which cleaves mRNA of interest and thereby inhibits protein expression. (2) The DNA can also encode for a transgene, which
is transcribed into mRNA and translated by ribosomes to a protein of interest such as a therapeutic enzyme. This strategy can be used for
enzyme replacement therapy. (3) Gene editing using Zinc finger, TALENSs, or CRISPR-Cas technology o ers the possibility to genetically
modify the host genome and thereby stably express or knock out a protein of interest.

leading to the expression of a functional protein or to “knock-
down” target genes by gene silencing using DNA-directed RNA
interference (ddRNAI).

For the successful systemic delivery of DNA and subsequent
expression of the encoded exogenous protein, many hurdles
have to be overcome: (I) e cient nucleic acid packaging, (II)
long plasma circulation, (Ill) extravasation from systemic
circulation, (1V) cellular internalization, (V) endosomal escape,
(V1) intracellular DNA release, and (VII) nuclear entry.”> A
schematic representation of these hurdles in vivo is given in
Figure 1.

It is important to note that non-viral gene therapeutics
optimized for one type of nucleic acid, e.g., SIRNA or mRNA,
cannot simply be translated to another type (i.e.,, DNA vector).
This can be due to di erences in physical properties such as size
or the need for di erent types of nucleic acids to be delivered to
di erent intracellular sites of action, i.e., cytosol (RNA) versus
nucleus (DNA). Kau man et al. have shown significant
di erences for the translation of siRNA delivery systems to
mRNA therapeutics."® Kulkarni et al. observed that lipid-based
formulations optimized for RNA delivery are not optimal for
pDNA delivery.'’

In this Review, we discuss recent developments in the field of
lipid-based gene delivery systems with a focus on DNA
therapeutics. Other therapeutic strategies such as SiRNA
(RNA knock-down), oligonucleotides (RNA knock-down,
translation inhibition, or RNA processing such as splice switch),
or mRNA (protein expression), are not covered by this Review
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but are summarized in several excellent reviews. =% We
summarize most important key factors for the design of e cient
and safe DNA delivery systems. In addition, we address
opportunities to develop next-generation DNA therapeutics
and discuss their anticipated clinical use.

DNA DELIVERY SYSTEMS

DNA delivery systems can be divided into three di erent
categories: (i) physical methods, (ii) viral delivery systems, and
(iii) non-viral delivery systems, which are the topic of this
Review. Non-viral DNA delivery systems can be subdivided into
another three categories: inorganic materials such as calcium
phosphate, lipid or lipid-like materials, and polymeric materials.
Although the first reports on gene transfer used calcium
phosphate precipitation (see the Historic Milestones towards
Lipid-Based DNA Delivery section), current research in the area
of gene delivery mainly focuses on lipid(-like) and polymeric
compounds. Advantages and disadvantages of both lipid- and
polymer-based gene delivery systems are summarized in Table 1.
A detailed comparison of all gene delivery systems including
viral vectors and physical methods as well as inorganic materials
can be found elsewhere.?%*

LIPID-BASED DNA DELIVERY SYSTEMS

DNA Vectors and Their Mode of Action. The delivery of
DNA vectors o ers the possibility for three di erent therapeutic
applications: (i) inhibition of protein expression by RNAI, (ii)
transient protein production by expression vetors, or (iii) stable
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protein expression or knockout by gene editing. These three
approaches (Figure 2) can be summarized as follows: ddRNAI is
a technology in which DNA vectors encode for short-hairpin
RNAs (shRNA), which enable the long-term silencing of specific
mRNAs and thus inhibition of protein expression. The
intracellular processing in ddRNAI is similar to the endogenous
microRNA (miRNA) pathway.*® After the successful delivery of
DNA, shRNA is transcribed in the nucleus, processed by the
ribonuclease Drosha and exported into the cytoplasm via
Exportin 5. In the cytoplasm, Dicer processes the shRNA to
siRNA, which is subsequently loaded together with argonaute
proteins into the RNA-induced silencing complex (RISC).
Depending on sequence complementary, the RISC cleaves the
target mMRNA (in case of perfect complementary between siRNA
and mRNA sequence) or represses the translation into the
protein (imperfect complementary). This approach o ers an
advantage for various diseases because, in contrast to direct
SiRNA delivery, these e ects are long-lasting.

The delivery of DNA vectors in enzyme-replacement or
cancer therapy result in long-term transgene expression of an
exogenous protein in the target cell. Transgenes encoded on the
DNA vector will be transcribed to mRNA and translated into the
protein of interest. This protein or enzyme can act intracellularly
or extracellularly.

Gene editing or genome engineering is a technique to insert,
replace, or delete specific DNA sequences in the genome of host
cells. A total of four di erent nucleases have been used for this
strategy: meganucleases, zinc finger nucleases (ZFN), tran-
scription activator-like e ector-based nucleases (TALEN), and
the clustered regularly interspaced short palindromic repeats
(CRISPR)-associated protein (Cas) system. In the case of
CRISPR-Cas, a DNA vector can simultaneously encode for the
Cas9 protein and a target-sequence specific guide RNA (gRNA).
After the transcription of gRNA and translation of Cas9 mRNA,
the Cas9/gRNA ribonucleoprotein (RNP) complex will create
site-specific double-strand breaks in the genome and insert the
transgene by homology directed repair (HDR) mechanisms.
Alternatively, a gene can also be silenced or deleted by this
technology following nonhomologous end joining (NHEJ).?
Advances in CRISPR-Cas9 technology have been discussed in
detail in several recent reviews.”’~°

From Research Tool to Therapy. DNA vectors can be
applied in a broad range of medical applications ranging from
their use as important in vitro research tool to in vivo applications
in patients.

For in vitro applications, identifying new drug targets and
characterizing the relevance of these targets in early drug
discovery are important steps toward development of medicines.
In recent years, gene editing techniques such as CRISPR-Cas9
have been used as powerful tools for implementation of such
screening and mechanistic studies.*® Furthermore, CRISPR-
Cas9 technology can eg., be used subsequently to generate
relevant in vitro and in vivo disease models.?® E  cient delivery to
a wide range of target cells in vitro is, however, a prerequisite for
these applications. Lipid-based DNA delivery can be a valuable
alternative to viral vectors in generating these preclinical
models.*> In addition, these systems o er the possibility to co-
deliver DNA, RNA (e.g., mRNA or %RNA) and/or proteins to
target cells in a coordinated manner.*

For ex vivo applications, modification of patient-derived cells
ex vivo has been explored during the recent decade. Major
achievements have been made in cancer immunotherapy
resulting in the approval of personalized CAR-T cell therapies.
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Whereas some technologies were developed to introduce
macromolecules to isolated cells without the need for trans-
fection reagents (e.g., microfluidics and electroporation), lipid-
based vehicles o er the possibility to e ciently introduce target
DNA sequences into patient cells in an ex vivo setting to express
target proteins or to modify the host cell genome,* resulting in
safe and reproducible transfection.**~

For in vivo applications, whereas in vitro or ex vivo applications
aim for high delivery e ciencies and low toxicity, in vivo
applications additionally require favorable pharmacokinetic
properties and accumulation in target tissues (see the Factors
Important for in Vivo Gene Delivery section). Several
candidates have reached clinical development in recent years
and a summary of major achievements is provided in the DNA
Therapeutics in Clinical Trials section.

Historic Milestones toward Lipid-Based DNA Delivery.
The basic process of gene therapy is called transfection and
describes the transfer of exogenous genetic material (e.g., DNA)
into a cell to exert a therapeutic e ect.®® The first attempts
toward non-viral gene delivery using chemical reagents were
made by Szybalska and Szybalski in the 1960s when they
observed an improved “DNA-mediated genetic transformation”
in D98 cells upon the addition of spermine to the DNA prior to
incubation of the cells.®” However, chemical analysis of
spermine revealed that it was contaminated with about 10%
calcium. This resulted in calcium phosphate/DNA complexes,
which facilitated the delivery of DNA into cells.*® Then, 3 years
later, Vaheri and Pagano demonstrated the potential of
polymeric substances such as diethylaminoethyl dextran
(DEAE dextran) to transfer pDNA to cells.*® In 1973, Graham
and Van Der Eb published a detailed study on the e ects of
calcium phosphate-mediated transfection,*® which is generally
cited to be the primary source for this transfection technique.**
A total of 5 years later, Mukherjee et al. showed a successful
delivery of metaphase chromosomes from hypoxanthine
guanine phosphoribosyltransferase (HGPRT) positive cells to
HGPRT negative cells using a mixture of unsaturated
phosphatidylcholine (PC) and cholesterol 7:2 (w/w) as the
transfection reagent.* In 1979, Fraley et al. demonstrated
delivery of DNA to bacteria using a mixture of PC and
phosphatidylglycerol (PG),** whereas Lurquin showed delivery
of DNA to plant cells using either PC or PC/cholesterol, 7:2 (w/
w) lipid-based nanoparticles.** A total of 1 year later, again,
Fraley et al. reported successful delivery of pDNA to African
green monkey kidney cells using PC:PG 10:1 (w/w) lipid-based
nanoparticles.”> The possibility for stable gene transfer using
lipid-based nanoparticles was demonstrated by Schaefer-Ridder
et al. in 1982.%° In 1983, Nicolau et al. demonstrated successful
insulin expression in the liver of rats transfected with
intravenously (i.v.) injected nanoparticles consisting of a
plasmid encoding for rat preproinsulin | and a mixture of PC/
phosphatidylserine/cholesterol 8:2:10 (mol/mol) as trans-
fection reagent.*’

The term lipofection, which describes the transfection of cells
using lipid-based transfection reagents, was created in 1987 by
Felgner et al. when they demonstrated the formation of cationic
lipid-based nanoparticles and their use for successful gene
transfer and subsequent transgene expression in various cell
lines. They synthesized the cationic lipid N-[1-(2,3-dioleyloxy)-
propyl]-N,N,N-trimethylammonium chloride (DOTMA) and
combined it with the helper lipid dioleoylphosphatidylethanol-
amine (DOPE). After complexation with DNA, they observed
fusion of the lipoplexes with the cell membrane of tissue culture
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Figure 3. Historic milestones in lipid-based DNA delivery. The timeline displays the historic milestones in lipid-based DNA delivery that are
summarized in this review. Each milestone is displayed together with respective references.
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Figure 4. Chemical structures of lipids or lipid-like materials used for the delivery of nucleic acids. Various lipid-based materials have been
investigated for the delivery of nucleic acids including RNA and DNA. In general, three di erent categories have been identified, i.e., first-
generation amino lipids, optimized ionizable lipids, and lipidoids. First-generation amino lipids can be grouped into monovalent or multivalent
lipids and cholesterol derivatives. All amines with a permanent positive charge (i.e., quaternary amines of monovalent amino lipids) or which are
protonated at low pH (such as encounters in the endosomal or lysosomal compartment) are highlighted in red color. A pK, of around 6.4 is
favorable for the endosomal and lysosomal escape of nucleic acids into the cytoplasm.

cells and subsequent di usion of fluorescent rhodamine- fection was published.>® Because this study focused on vesicular

conjugated DOPE throughout the intracellular membranes.*® transport rather than transfection, the technique was used as a
In 1991, Gao and Huang reported successful synthesis of 3B-[N- tool but was not the focus of the study. In the following decades,

(N’,N’-dimethylaminoethane) carbamoyl] cholesterol (DC- N oo . .
Chol) and demonstrated e cient transfection of various cell many modifications and combinations of these first generation

lines using this cationic cholesterol derivative.*® A total of 1 year transfection reagents were reported, such as GL67 in 1996, but
later, one of the first studies employing 1,2-dioleoyl-3- the basic processes behind gene transfer were poorly understood
(trimethylammonium) propane (DOTAP) for DNA trans- despite the successful modification of lipids for transfection. The
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historic milestones summarized in this section are displayed in
Figure 3.

It took until the next millennium until more detailed
mechanistic insights were provided (see ref 52). However, the
molecular mechanisms of nucleic acid delivery employing
cationic lipids are still controversial. DNA often stays at the
surface of cells when lipoplexes interact with the plasma
membrane.”>** It has been suggested that fusion with the
plasma membrane and nanoparticle entry into cells is mediated
by the so-called “fusogenic” lipid DOPE.>® Consequently, to
promote intracellular delivery of DNA, DOPE is included in
several commercially available transfection reagents such as
Lipofectin (a 1:1 (w/w) mixture of DOTMA and DOPE)*° or
Lipofectamine (a 3:1 (w/w) mixture of 2,3-dioleyloxy-N-[2-
spermine carboxamide] ethyI-N,N-dimethyl-l-gropanammo-
nium trifluoroacetate (DOSPA) and DOPE).>"®

Key Components of Lipid-Based Gene Delivery
Systems. Lipid-based nanoparticles consist of lipids or lipid-
like materials to bind DNA, helper lipids to increase transfection
e ciency, and a DNA vector encoding for the gene of interest.
The chemistry and function of these components are discussed
in the following sections.

(lonizable) Cationic Lipids or Lipid-Like Materials. After
initial experiments using phosphatidylserine-based liposomes
for DNA delivery,” a vast number of structurally di erent lipid-
based materials have been developed over the last four decades
to improve gene-transfer e ciency and safety of resulting lipid
nanoparticles.

Three primary categories can be identified, i.e,, first generation
permanently positively charged amino lipids, optimized
ionizable lipids, and lipidoids. All of these share common
structural elements such as a hydrophobic moiety that is linked
to a hydrophilic headgroup containing cationic or ionizable
amine moieties. Examples of the various types of lipid and lipid-
like compounds used in gene therapy are discussed in the
following sections (Figure 4). Lipids and lipidoids used for RNA
delivery have been reviewed recently.?*>°

Cationic and lonizable Amino Lipids (First Generation). In
1987, Felgner and colleagues developed synthetic permanently
positively charged cationic lipids for complexation and delivery
of DNA.*® Even 30 years after their discovery as gene-delivery
vehicles, lipids with permanently positively charged headgroups
remain the dominant lipid-based gene delivery agents for in vitro
applications as discussed elsewhere.** The positively charged
headgroup of cationic lipids can bind and condense the anionic
phosphate groups of the DNA backbone via electrostatic
interactions. The cationic surface charge of such lipoplexes
mediates e cient DNA delivery and cellular internalization
through interactions with the negatively charged plasma
membrane of target cells. Furthermore, positive charges of the
lipids in combination with negative charges of anionic lipids in
the endosomal membrane promote endosomal escape and, thus,
DNA release to the cytosol.®?

A large number of cationic headgroup structures have been
investigated for lipids used in gene delivery. Headgroups can be
categorized in 6 classes: permanently positively charged
moieties such as quaternary amines, ionizable amines, amino
acids or peptides, guanidiniums, heterocyclic headgroups, and
others (i.e., unusual headgroups).®® The ionizable lipids were
introduced to achieve systems that exhibited little surface charge
at physiological pH, which can lead to severely toxic side e ects
invivo. Further optimization has led to identification of ionizable
lipids with optimized apparent acid dissociation constant (pK,)
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properties that enhance transfection potency (see the
Optimized lonizable Lipids section). The hydrophobic tail of
cationic lipids for transfection is usually composed of either
saturated or unsaturated alkyl chains or steroids. Unsaturated
alkyl chains are beneficial with respect to transfection e ciency
due to increased lipid membrane fluidity.®*%> The first
generation of cationic and ionizable lipids can be classified
according to their molecular structure as follows (Figure 4):°°

(1) monovalent aliphatic lipids characterized by a single
positively charged amine moiety in their headgroup such
as (a) permanently positively charged cationic lipids, e.g.,
DOTAP, DOTMA, 1,2-dimyristyloxypropyl-3-dimethyl-
hydroxy ethylammonium bromide (DMRIE) or (b)
ionizable cationic lipids that only exist in a positively
charged form at pH values below their pK,, where they are
protonated, e.g., 1,2-dioleoyl-3-dimethylammonium pro-
pane (DODAP) and 1,2-dioleoyl-3-dimethylammonium
propane (DODMA);

multivalent aliphatic lipids that contain two or more
amine functions in their headgroup such as dioctadecy-
lamidoglycylspermine (DOGS); and

(3) cationic cholesterol derivatives such as DC-Chol and
GL67.

Optimized lonizable Lipids. Whereas cationic lipids can be
used to achieve high transfection e ciencies in vitro, they are
characterized by a relatively high cytotoxicity and unfavorable
pharmacokinetic properties in vivo (i.e., short half-life in blood
circulation and nonspecific binding to cell surfaces). To
overcome these limitations, ionizable lipids with optimized
pK, properties have been designed. Ideally, they should (i) be
positively charged during lipid nanoparticle formation to allow
for nucleic acid complexation, (ii) be neutral at physiological pH
for systemic (e.g., intravenous) administration, and (iii) become
charged again when accumulating in the endosomal compart-
ment to promote e cient endosomal escape.®’ The first
demonstration that an ionizable cationic lipid could be used to
encapsulate nucleic acid polymers (i.e, ASO) was made by
Semple et al.°” using DODAP. Subsequently, Heyes et al.®®
developed 1,2-dilinoleyloxy-3-dimethylaminopropane (DLinD-
MA) and Semple et al.>® used a structure—activity relationship
(SAR) approach to rationally design lipids with improved gene
silencing activity (i.e., SIRNA delivery capacity) in vivo. The
optimized ionizable lipid DLin-KC2-DMA (Figure 4) showed
promising results and exceeded the gene silencing capacity of the
precursor lipid DLinDMA by a factor of 10.

Further investigations demonstrated a SAR between the pK,
of the ionizable headgroup and the gene silencing e ciency in
vivo. The most promising compound, DLin-MC3-DMA
(Figure 4) with a pK, of 6.44 was developed® that is now the
gold standard for siRNA delivery platforms. In contrast to
siRNA, DLin-KC2-DMA-based lipid nanoparticles showed a
significantly higher DNA delivery potential as compared to
DLin-MC3-DMA-based lipid nanoparticles.”” This indicates the
potential of ionizable DLin-DMA-based lipids for DNA
delivery; however, structure—activity relations obtained for
RNA do not necessarily apply to DNA delivery.

Lipidoids. Lipid-like materials (i.e., lipidoids) can be
synthesized by conjugation of alkyl-acrylates or alkyl-acryl-
amides to primary or secondary amines.”* This reaction works in
the absence of solvents or catalysts and has, therefore, the
advantage that no protection and deprotection steps are needed,
which makes this one-pot synthesis straightforward. Akinc et al.

@
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synthesized a lipidoid Iibrar)]/ consisting of 1200 structurally
diverse lipid-like compounds.” Further modifications of similar
lipids and expansion of lipidoid libraries led to the identification
of formulations for siRNA-mediated gene silencing in vivo, with
C12-200 and 98N12-5 as most promising compounds
(Figure 4).”>=" A structure—function relationship based on
four structural and pK, criteria was established to predict in vivo
gene silencing e ciency.” Notably, lipidoids have also been
used for in vitro pDNA delivery.”> Some compounds exceeded
the pDNA delivery e ciency of Lipofectamine 2000 by a factor
of 4.”° Again, compounds optimized for RNA delivery are not
necessarily the best for DNA delivery.

Advances in the Development of Lipids for Gene Delivery.
Recent advances in the field of gene therapeutics have resulted in
several highly potent and biodegradable lipids optimized for
mRNA delivery. Sabnis et al. synthesized a library of lipids with
improved safety profile and enhanced endosomal escape
properties.”® In addition, several biotechnology companies
have initiated screening programs combined with SAR analysis.
This has resulted in lipids for mRNA delivery that are orders of
magnitude more potent as compared to MC3 (i.e., gold standard
for siRNA delivery).”” In the future, these advanced lipids need
to be tested for DNA vectors to see whether similar benefits are
possible.

Lipid Library Screens to Elucidate Structure—Activity-
Relationships. Combinatorial synthesis and high-throughput
screening (HTS) enable the rapid synthesis and testing of a large
number (e.g., hundreds to thousands) of structurally diverse
lipid or lipid-like compounds to further unravel structural
parameters important for successful nucleic acid delivery.
Because RNA-based strategies are currently at the forefront of
nucleic acid-based therapeutics, these techniques were mainly
applied to materials for RNA delivery rather than DNA.
However, both types of nucleic acids share common require-
ments and findings for RNA can act as a starting point for
optimization of DNA therapeutics. Generally, library screens
focu7s;3 on three functional moieties: headgroup—linker—lipid
tail.

Headgroup. The cationic (ionizable) headgroup not only is
responsible for the interaction with the negatively charged
nucleic acids (e.g., nucleic acid condensation) but also a ects
nanoparticle characteristics such as the surface charge. In this
regard, dimethylamino-based headgroups showed superior
transfection e ciencies compared to higher substituted
moieties.®®’*% Substitution by diethylamino, piperazino,
morpholino, or trimethylamino-based headgroups increases
steric hindrance as well as the pK, resulting in decreased
activity.®® In addition, there are reports that indicate
headgroups with more than one amine group to be superior.”
Importantly, several studies demonstrated that a pK, between
55 and 6.5 (optimum of 6.44, but depending on the
formulation) is associated with maximal potency in
vivo,** 797381 This jonizable characteristic plays two important
roles. First, the headgroup is relatively neutral at physiological
pH thereby improving pharmacokinetics (PK) and decreasing
toxic e ects. Second, the headgroup must exhibit a positive
charge in an acidified endosome (pH of 5—6) to interact with
endogenous anionic lipids thereby destabilizing the endosomal
membrane to deliver the nucleic acid payload.’® Of note, the pK,
is not relevant for permanentlgl positively charged quaternary
ammonium-based headgroups.®

Linker. The next important functional moiety is the linker that
connects the headgroup with its tail group(s). Interestingly, the
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linker a ects not only the global pK, of ionizable lipids but also
the flexibility for charge presentation or biodegradability of the
delivery system. Several groups reported that amide linkers are
associated with higher transfection e ciencies in vitro as
compared to other linkers such as ester or hydroxyl linkers.”>"®
For ionizable lipids, a gradually decreasing transfection
e ciency was reported when alkoxy linkers were replaced for
an ester linker. Notably, ester linkers are highly prone to
hydrolysis thereby risking to lose activity of the delivery
system.”® Inclusion of carbamate and thioether linkers resulted
as well in poor activity in vivo. Only linkers with a ketal function
showed increased transfection e ciency when replacing the two
alkoxy linkers.®® Besides the functional group of the linker, also
the spacing between the headgroup and the linker is crucial. A
distance between the headgroup functionality and the linker
functionality of two carbon atoms promotes the highest
e ciency.®”® Further increase or decrease of carbon atoms
negatively influences the activity. First, the substitution length of
the linker amine can influence the pK, of amines and thereby
alter the global pK, and subsequent e ciency.®* Second, the
distance between the linker and the headgroup a ects the size of
the headgroup, which can a ect the formation of nonbilayer
structures and subsequent destabilization of the endosomal
bilayer.®

Lipid Tail. The third important functional moiety is the tail
group, which generally possesses long hydrophobic carbon
chains and is therefore responsible for the “lipid properties”.
Lipid tail saturation, length, substitution, and number of tail
groups a ect the transfection e ciency. Unsaturated tails
demonstrated to improve the e ciency of gene delivery
systems.”® With respect to the tail length, no clear SAR can be
summarized. Whereas a tail length in the range of 8—12 carbon
atoms demonstrated highest transfection e ciencies in some
studies, """ another library screening showed that increasing the
tail length from 14 to 18 carbon atoms increased the transfection
e ciency.”® The optimal tail length may, therefore, vary among
di erent headgroups or linkers. Tail substitution is another
crucial factor. The inclusion of one tail containing a secondary
amine is critical for transfection* and tails with 3 or more
substitution sites, tails containing tertiary and secondary amines,
alcohols, branched or linear chains are still e ective, while ethers
and rings are ine ective.” Recently, a study demonstrated that
branched-tails enhance the potency of lipid nanoparticles due to
increased surface ionization at acidic pH (e.g., in endosomes).*
Finally, the number of tail groups needs to be considered. Lipid-
like molecules that are substituted with only one tail result in
poor e ciency compared to their bi-tailed counterparts.
However, a synergistic e ect could be observed when mixing
mono- and bi-tailed lipids at di erent ratios.”*®* Monotailed
lipids increase the surface charge, whereas bi-tailed lipids
decrease lipid nanoparticle size and increase stability.” In the
field of lipidoid synthesis, attachment of more than two alkyl tails
is considered to be very important to promote high gene delivery
e ciencies.”""

Additional Lipid Components. As mentioned above, lipid
nanoparticles are typically multicomponent formulations.
Cationic or ionizable lipid-based materials are often combined
with so-called helper lipids. The term “helper lipids” covers a
range of charge neutral substances that are included in lipid
nanoparticle formulations to improve the performance of the
delivery system eg., by stabilizing the nanoparticle or by
improvement of intracellular tra cking.®*® The role of helper
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Table 2. Formulation Aspects Influencing Nanoparticle Properties®

influence factor e ecton

size of the
nanoparticle

size of encoding DNA
sequence

DNA condensation
and protection

nanoparticle size

gene delivery system-to-
DNA ratio (N/P)

general influence

plasmid size correlated with lipoplex nanoparticle size when using the cationic lipid RPR120535
no correlation found for Lipopolyamine/DNA nanoparticles
high N/P ratios increase DNA condensation within the nanoparticle

increasing the N/P ratio decreases nanoparticle size

N/P ratios leading to net neutral { potential (+5 mV) promote rapid agglomeration

ionic strength colloidal stability

size

impaired self-assembly and colloidal stability
larger nanoparticle size (>150 mM NaCl)

smaller nanoparticle size (<20 mM NaCl)

impact of proteins colloidal stability
nanoparticle size
transfection e ciency

colloidal stability

complexation volume
{ potential

reduced agglomeration of nanoparticles (protein opsonization)

reduced nanoparticle size in the presence of serum

volumes that are too low may hinder DNA condensation

highly positive (>+30 mV) or negative (30 mV) ¢ potential hinders nanoparticle agglomeration and therefore

improves its stability; neutral { potential (+5 mV) leads to agglomeration

#A summary of main factors influencing nanoparticle properties (e.g., size and colloidal stability) is provided. The factors are ordered in accordance
to the chapters of this Review. Detailed information on the ¢ potential is provided in the ¢ Potential section of this Review.

lipids in lipid nanoparticles has recently been discussed in detail
elsewhere.®

Cholesterol is a natural component of biological mem-
branes®” and is a major contributor to the cell membrane
fluidity, leading to membrane condensation.®® Incorporation of
cholesterol into lipid-based DNA formulations has been shown
to improve stability and transfection e ciency in vitro® and in
vivo.>?* In contrast, replacement of cholesterol with DOPE led
to rapid lipoplex dissociation upon contact with serum.®* DOPE
can induce the non-bilayer inverted hexagonal (H,,) lipid phase,
which can result in bilayer disruption. Thise ect is attributed to
the small polar headgroup in combination with the two
unsaturated oleoyl chains leading to a cone-like shape
compatible with the H,, phase structure.®

Other commonly used helper lipids include phospholipids
such as 1,2-dioleyl-sn-glycerol-3-phosphatidylcholine (DOPC),
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), or 1-
stearoyl-2-oleayl-sn-glycero-3-phosphocholine (SOPC). Inter-
estingly, Kulkarni et al. demonstrated a dramatic increase in
reporter gene expression when replacing DSPC with DOPC or
SOPC, suggesting that unsaturated lipid chains such as oleoyl
chains improve the transfectione ciency compared to saturated
lipid chains of the same length.*” A pair of other studies revealed
improved transfection e ciencies when replacing DOPC with
DOPE in vitro®® and in vivo,®® suggesting an enhanced
intracellular tra cking for this type of lipid nanoparticles due
to the fusogenic properties of DOPE.

The recognition of DNA therapeutics by immune cells and
subsequent clearance from systemic circulation after intra-
venous administration is a major hurdle for e ective therapies.
Thus, many lipid-based DNA delivery systems have been
modified with a hydrophilic corona to inhibit plasma protein
binding and uptake by macrophages. The most common
approach to enhance circulation half-life is the concept of
PEGylation, i.e., modification of nanoparticles with polyethylene
glycol (PEG). These stealth, long-circulating, sterically stabi-
lized systems can be created by incorporation of lipids
containing a PEG modification. Notably, neutral and positively
charged PEG lipids such as distearoyl-rac-glycerol-PEG (PEG-
DSG), 1,2-dimyristoyl-rac-glycero-3-methoxy-PEG (PEG-
DMG), and PEG-ceramide are superior to PEG lipids with a
net negative charge for non-viral gene delivery systems.”
Importantly, PEGylation can dramatically reduce transfection
e ciency of lipid nanoparticles due to reduced cellular
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internalization. This “PEG dilemma” (i.e., improved PK versus
reduced ugptake) has been shown for several nucleic acid delivery
systems.”*~9°

The targeting of cell-specific membrane receptors is a
promising strategy to enhance cellular uptake of DNA
therapeutics. Targeting can either be achieved by endogenous
ligands or synthetic exogenous ligands. For example, lipid
nanoparticles containing ionizable lipids can serve as SiRNA
delivery systems for hepatocyte-specific targeting via low-
density Iig)oprotein (LDL) or asialoglycoprotein (ASGP)
receptors.”® Endogenous mechanisms rely on binding of
apolipoprotein E (ApoE) present in the blood circulation to
the surface of lipid nanoparticles containing ionizable lipids.
This subsequently triggers nanoparticle internalization via
lipoprotein receptors such as the LDL receptor. Exogenous
mechanisms are often based on the modification of lipid-based
nanoparticles using a targeting ligand covalently attached to
synthetic PEG-lipid. The most advanced strategy for hepatocyte
targeting is conjugation of a trivalent N-acetylgalactosamine
(GalNAc) moiety. This mediates specific binding to the ASGP
receptor and subsequent clathrin-mediated internalization.

The concept of active targeting has also been investigated for
the delivery of DNA. First clinical trials using single-chain
antibody modified nanoparticles to target the transferrin
receptor of tumor cells have been initiated (for details, see the
Immuno-lipoplexes section). In general, many di erent
targeting ligands based on sugars, peptides, proteins, aptamers
or antibodies have been investigated, and all of these have
di erent advantages and disadvantages. In addition, various
receptors have been evaluated for cell-type specific targeting.
Challenges and advances of active targeted nanogarticles have
been discussed in detail in several recent reviews.>"’

DNA Vector Encoding Gene of Interest. The e ciency of
lipid-based DNA therapeutics is highly dependent on the DNA
vector design. Modifications of the DNA vector influence the
physicochemical properties of resulting lipid nanoparticles and
have directimpact on gene expression e  ciency and persistency.
As a general rule, a small DNA vector size leads to higher
transfection e ciencies. For example, the transfection e ciency
of lipid nanoparticles increased by a factor of 6 when the DNA
size was reduced from 52 000 to 900 bp.°® The use of so-called
minicircle DNA (mcDNA), lacking the bacterial backbone (e.g.,
bacterial origin of replication and antibiotic resistance genes) is,
therefore, a promising strategy to improve the therapeutic
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Table 3. Formulation Aspects Influencing Transfection E ciency®

influence factor e ecton

size of encoding DNA sequence  duration of transgene

expression
transfection e ciency

binding to and uptake by
cells

DNA condensation and
protection

gene delivery system to DNA ratio

cells
endolysosomal escape
toxicity
transfection e ciency
transfection e ciency
transfection e ciency
binding and uptake by cells

complexation pH
ionic strength
impact of proteins and cholesterol

general influence

prolonged transgene expression using mcDNA

increased transfection e ciency using smaller DNA sequences or mcDNA

increased cell membrane binding and uptake of nanoparticles with increased N/P ratios (unspecific
binding also increased)

high N/P ratios protect DNA from nucleases due to condensation
high N/P ratios might impair DNA dissociation from the nanoparticles after their internalization by

increased endolysosomal escape for higher N/P ratios

high N/P ratios lead to increased cytotoxicity

increasing transfection e ciencies up to an optimized N/P ratio

increased transfection e ciency at lower pH (DNA condensation is improved)
controversial
reduced binding and uptake if lipoplexes formed in the presence of serum

accumulation in large intracellular vesicles if lipoplexes formed under serum-free conditions
accumulation in small intracellular vesicles if lipoplexes formed in the presence of serum
opsonization promotes macrophage uptake

cell viability
endolysosomal escape
transfection e ciency

very low or very high serum concentrations detrimental
endolysosomal membrane destabilization by HSA
reduced transfection e ciency in the presence of serum

cholesterol promotes transfection e ciency

complexation volume transfection e ciency

increased transfection e ciency using larger volumes

2A summary of formulation factors influencing DNA delivery and subsequent transgene expression (e.g., DNA vector design, formulation strategy)
is provided. The factors are ordered in accordance to the chapters of this Review.

performance of DNA vectors.”® Beneficial e ects of mcDNA
versus conventional pDNA on the transfection e ciency were
demonstrated in several studies.®>*°* Moreover, mcDNA
vectors resulted in long-term transgene expression in vitro and
in vivo."* Importantly, these e ects are not dependent on the
type of transfection reagent or cell type and have been described
for various targets and application routes in vivo.** % Possible
reasons for these findings are an increased di usion coe cient
and an improved nuclear internalization, a more e cient
transcription of gene expression cassettes when mcDNA is
used, and a higher number of plasmid copies per amount of
DNA as compared to large parenteral plasmids.'%01%%72%
Consequently, small DNA vectors (e.g, mcDNA) can be
associated with higher transfection e ciencies in vitro and in
vivo. This o ers the possibility of reducing the concentration of
used transfection reagents to minimize lipid-associated cytotox-
icity of these substances.

KEY ASPECTS FOR LIPID-BASED NANOPARTICLE
FORMULATION

Besides inherent characteristics of the DNA vector, the
formulation (i.e., the mixture of lipid components and DNA
vector) is a key factor for e cient non-viral gene transfer. For
optimal performance, formulation aspects such as lipid-to-DNA
ratio, formulation bu er and production volumes need to be
optimized. These factors are summarized and discussed in the
following sections. Overviews of formulation aspects influencing
nanoparticle properties (Table 2) and gene expression (Table 3)
are provided.

Gene Delivery System-to-DNA Ratio. The system-to-
DNA (N/P) ratio is defined as the ratio of nitrogen atoms of the
lipid headgroup to phosphate atoms of the DNA backbone. At
the time point of nanoparticle formation, most of the lipid
headgroups must be positively charged to associate with nucleic
acid phosphates. The N/P ratio strongly influences the physico-
and electrochemical properties of resulting nanoparticles (e.g.,
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size, ¢ potential, DNA condensation), cellular internalization,
endolysosomal escape, cytotoxicity, PK and biodistribution, and,
finally, transfection e ciency.

After endocytosis, nanoparticles are tra cked via early and
late endosomes to lysosomes for degradation. Endosomal
membranes contain vacuolar ATPase proton pumps (V
ATPases) and anionic lipids.**® In the presence of adenosine
triphosphate (ATP), V-ATPases shuttle protons and CI™ into
these subcellular compartments. Nanoparticles that contain
proton-accepting functional groups (e.g., primary, secondary, or
tertiary amines) can capture protons and become positively
charged. Association of exogenous cationic lipids with
endogenous anionic lipids results in membrane disruptive
nonlamellar structures that subsequently lead to rupture of the
endosomal membrane (shape hypothesis).?**°” Thus, high N/P
ratios (i.e, high number of exogenous cationic lipids) can
enhance this lipid interaction and increase subsequent
endolysosomal escape.®’

Chen et al. investigated the N/P-ratio-dependent transfection
e ciency of lipid nanoparticles encapsulating siRNA. When the
N/P ratio was increased from 1 to 12, the transfection e ciency
also increased up to a N/P ratio of 6. Further increase of the N/P
ratio yielded only a minor improvement of the transfection
e ciency. The authors concluded that a minimum amount of
excess cationic (ionizable) lipid is necessary to maximize
endolysosomal escape.'®® Similar findings were made for
pDNA delivery.”

In general, low N/P charge ratios lead to poor transgene
expression.””® High N/P ratios lead to increased cytotoxic
e ects due to noncomplexed cationic lipids that can damage
cells.***~**2 Furthermore, high N/P ratios reduce circulation
lifetimes and nonhepatic biodistribution of lipid nanoparticles
and can result in toxicity in vivo. For example, binding to
erythrocytes causes aggregation in lung capillaries and
subsequently leads to lung embolism.****** Interestingly, the
N/P ratio inversely correlates with the nanoparticle size of
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DOTAP/DOPE, DC-Chol/DOPE, or KC2/helper lipid con-
taining nanoparticles.*”*** Similar findings were made with
other types of gene-delivery systems.*****” Moreover, a high N/
P ratio increases the  potential**> and by this increases the
homogeneity and stability of lipid nanoparticles due to
electrostatic repulsive forces that prevent aggregation.™’*'®
High N/P ratios furthermore protect DNA from degradation by
DNase | due to increased DNA condensation.>*** It was shown
that fully condensed PDNA is protected against nucleases, e.g.,
cytosolic nucleases.**® However, very high N/P ratios can
impair the dissociation of the DNA after cellular internalization,
and therefore, reduce transfection e ciency.*'%°

Taken together, these findings indicate that the N/P ratio is
closely associated not only with nanoparticle size, { potential,
and DNA condensation capability but also with toxicity.
Increasing N/P charge ratios were found to correlate with
decreased cell viability but also with increased transfection
e ciency. In general, the transfection e ciency shows a
maximum at a certain N/P ratio. There is, however, no optimal
N/P ratio that can be used for all types of cationic lipids.
Whereas the highest transfection e ciency for cholesterol-
derived lipoplexes was found at a N/P ratio of 3:1,* other types
of lipids required much higher N/P ratios.*®

Formulation Bu er. Complexation pH. In this Review, the
complexation pH is defined as the pH at which the lipids and the
DNA vector are mixed. The complexation pH cana ect the lipid
nanoparticle formation depending on the pK, values of the lipids
used. This factor is of special importance when electrostatic
interactions between lipids and DNA are the main driver for
lipid nanoparticle formation.*** In general, complexation at
lower pH increases DNA binding capacity and resulting
transfection e ciency.*?*?* This is due to higher protonation
of the cationic lipids leading to stronger electrostatic interactions
with negatively charged phosphate moieties of DNA. For
example, higher N/P ratios are needed to obtain lipoplexes with
high transfection e ciencies at pH 8 as compared to pH 7 when
using the lipids RPR 120535 and RPR 12276.*** In the case of
optimized ionizable lipids such as KC2 or MC3, DNA is
e ciently encapsulated at pH 4, where the lipid is positively
charged. Subsequent dialysis of formulated lipid nanoparticles
against pH 7.4 results in nanoparticles with low surface charge.

lonic Strength. The salt concentration during mixing of lipids
and DNA can influence the complex formation and the
transfection e ciency. High electrolyte concentrations in the
complexation medium can shield the charge of cationic lipids
and DNA and thus decrease the electrostatically driven self-
assembly of lipid nanoparticles.®* In addition, the colloidal
stability of the solution is reduced.

When lipid nanoparticles with the cationic lipid RPR120535
are prepared at high salt concentrations (150 mM NacCl), the
resulting size is larger as compared to formulations prepared at
low (20 mM NaCl) salt concentrations."”* In general,
replacement of saline by glucose in the complexation medium
reduces the lipid nanoparticle size.**>*® The e ect on the
resulting transfection e ciency is, however, not conclusive.
Whereas for some transfection reagents, high salt concentrations
(ie., up to 600 mM NaCl) increase transfection e ciency,**
other reagents show a higher transfection e ciency when
produced at low ionic strength (i.e., 10 mM NaCl).**?

Impact of Proteins and Cholesterol. Serum is a collective
term for a mixture of various plasma protein components (e.g.,
albumin), inorganic constituents (e.g., bicarbonate), amino
acids, nonprotein nitrogen components (e.g., creatine) and their
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low-molecular metabolites, carbohydrates, fats and their
derivatives, as well as vitamins, hormones, and pigments.**®
Notably, the composition of serum varies among di erent
species.

It is important to note that serum can strongly influence the
performance of DNA delivery systems on di erent levels: the
complex formation and the complex stability as well as the
characteristics of cells during in vitro experiments. This factor
needs to be considered because many cell lines require serum-
containing medium for growth and di erentiation.

When lipid nanoparticles are formed in serum-containing
complexation medium, a reduced binding to plasma mem-
branes, cellular internalization, and transfection e ciency can be
observed. In addition, lipid nanoparticles formed in serum
containing medium and bu er are often smaller in size.**° When
preformed lipid nanoparticles are diluted, the presence of serum
can prevent lipid nanoparticle aggregation due to protein
adsorption onto the nanoparticle surface.****?" Lipoplexes
formed by cationic lipids RPR 120535 and RPR 121653, for
example, show reduced agglomeration in serum-containing
medium. However, presence of serum reduces their transfection
e ciency in vitro by a factor of 100 although the intracellular
pDNA concentration is only reduced 2- to 3-fold. The larger
lipoplex nanoparticles obtained in serum free conditions were
found in large, homogeneous intracellular vesicles, whereas the
smaller lipoplex nanoparticles accumulated in small vesicles.
Thus, di erent uptake and intracellular tra cking mechanisms
seem to contribute to the di erence in transfection e ciencies
observed.'”® Decreased transfection e ciencies upon serum
addition during formulation were reported for various lipid
nanoparticles. The decrease in transfection e ciency was not
significantly a ected by the serum type or concentration (e.g.,
10% versus 30% fetal bovine serum). Interestingly, complexes
containing cholesterol such as DOTAP/cholesterol (DOTAP/
Chol) or DOTAP/DOPE/Chol are less sensitive to serum.*?°

Although the exact mechanism is not known yet, it is tempting
to speculate that neutral cholesterol reduces the overall
electrostatic interactions with negatively charged serum
components, thereby reducing the negative influence of serum
on the lipid nanoparticle system. In addition, cholesterol
increases the packing of phospholipids in lipid bilayers. Dalmen
et al. showed that high-density lipoproteins (HDL) and LDL
trigger release of liposomal drug payload. However, when
cholesterol is incorporated into the liposome formulation, the
transfer of phospholipids from liposomes to HDL is reduced. As
a consequence, the stability of the phospholipid bilayer is
increased and drug retention within the liposomes improved.**®
In addition, a decrease in ¢ potential can be observed when
positively charged nanoparticles are mixed with serum-
containing medium.**°

Because serum consists of a protein mixture, one needs to
consider that not only the extent of protein adsorption but also
the types of proteins adsorbed to the nanoparticle surface are
critical parameters. In vivo, certain serum proteins promote
recognition and uptake of nanoparticles by macrophages of the
mononuclear phagocytic system (MPS), i.e., opsonins, whereas
others such as human serum albumin (HSA) or immunglobulin
A (IgA) can prolon%; the blood circulation time of nanoparticles
(ie., dysopsonins).”***> Moreover, HSA can promote mem-
brane fusion under acidic conditions and increase endolysoso-
mal escape by facilitating membrane destabilization.*** By pre-
incubating nanoparticles prior to incubation or injection, this
e ect can be exploited to improve the gene delivery e ciency.
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Table 4. Factors Influencing Transfection E ciency in Vitro®

influence factor
nanoparticle size

{ potential

DNA quantity

transfection volume and nanoparticle

concentration

incubation time

cell lines

cell density

plate coating

e ecton
transfection e ciency

cellular uptake

intracellular tra cking

interaction with target cell
membranes

toxicity

transfection e ciency
nutrient supply
toxicity

transfection e ciency
colloidal stability
lipoplex internalization
nutrient supply
toxicity

transfection e ciency
cell division rate

cell surface decoration
endocytic capacity
membrane repair capacity

secretion pattern

transfection e ciency

uptake

cell growth behavior

toxicity

cell viability
transfection e ciency

general influence

e ciency is increased for pDNA when size is increased
e ciency is decreased for siRNA when size is increased

size influences the uptake pathway and speed of uptake but not the amount of internalized NPs
expressed as ug NP/cell

>1 pym: phagocytosis

<200 nm: clathrin or caveolae-mediated

=500 nm: avoidance of lysosomes and endolysosomes

smaller NPs are associated with more but smaller NP-containing vesicles in the cytoplasm

positive { potentials are associated with stronger interactions with the negatively charged cell
membrane

increased cytotoxicity at higher DNA dosage due to correlating high dose of transfection reagent
required

increased transfection e ciency for increased amounts of DNA

faster nutrient depletion in low transfection volumes

increased cell viability in larger volumes

increased transfection e ciency in lower transfection volumes

agglomeration of lipoplexes over time

amount of internalized lipoplexes decreases over time

nutrient depletion during longer incubation times

increased cell viability after shorter incubation times

increased transfection e ciency for longer incubation times

higher transfection e ciency in rapidly dividing cells

rapidly dividing cells might show a faster nutrient depletion in cell culture media
experiments can be conducted in a shorter time when using rapidly dividing cell lines
di erences in cell surface protein expression of various e.g., receptors allow for targeting
varies among di erent cell lines

higher endocytic capacities associated with higher transfection e ciency

ability for micropinocytosis associated with higher transfection e ciency

higher membrane repair capacity for primary cells

lower membrane repair capacity for cancer cells and immortalized cell lines

secretion of certain molecules such as pulmonary surfactant may impair transfectione ciency of
cationic lipid-based delivery systems

primary cells harder to transfect

immortalized cell lines easier to transfect

di erences when using di erent transfection reagents in di erent cell lines
rate-limiting step in primary cells

not rate-limiting step in immortalized cell lines

faster cell growth at higher densities (above 50%)

slower cell growth at lower densities (below 30%)

recovery of exponential growth after passaging is slower when cells grew 100% confluent prior to
passaging

higher toxicities at lower cell densities due to higher amount of cationic lipid per cell
lower toxicities at higher cell densities due to lower amount of cationic lipid per cell
increased viability for e.g., hepatocytes when cultured on collagen-coated culture dishes

increased transfection e ciency for weakly adherent cells after coating of the culture dish with
cationic polymers or ECM proteins

#A summary of main factors (in addition to formulation aspects; Table 3) influencing the delivery of DNA and subsequent gene expression in vitro

is provided. Influence factors are listed in accordance to chapters of this Review.

Simdes et al. pre-incubated DOTAP/DOPE liposomes with
HSA prior to complexation with DNA. HSA coating significantly
improved transfection e ciency and transgene expression of
lipoplexes. These results were obtained in several cell lines
(HeLa, COS-7, the Hut-78 T-cell line derived H9 cell line, B-
lymphocytic TF228.1.16 cells, and human peripheral blood
monocyte-derived macrophages), as well as in vivo in mice.
Moreover, HSA coating dramatically reduced the negative
e ects of serum-containing medium on transfection e ciency.
In contrast, non-modified lipoplexes almost completely lost their
transfection activity upon contact with serum. The cell viability,
however, remained una ected, suggesting that HSA coating is
safe.** Similar studies showed beneficial e ects on the toxicity

3764

profile of nanoparticles, most likely due to the shielding of the
positive charge by protein adsorption,**>**°

Complexation Volume. The complexation volume is
defined as the volume in which the lipid components and the
DNA are mixed to form the gene delivery system. It should not
be confounded with the transfection volume in vitro. The
complexation volume a ects the formation of complexes, and
although most formulations are diluted prior to application in
vitro or in vivo, the complexation volume heavily influences the
transfection e ciency. High concentrations of DNA, for
example, might not allow for a proper condensation and lead
to only partially formed nanoparticles or trigger particle
aggregation.***
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Figure 5. Schematic representation of various factors influencing the gene delivery and gene expression of lipid-based DNA therapeutics. (1)
During the formulation process, several aspects have to be considered that influence nanoparticle characteristics and gene delivery e ciency.
Complexation pH, volume, salts, and proteins can be influenced using an optimized formulation bu er. DNA characteristics and lipid-to-DNA
ratio influence gene expression. (2) Optimized physicochemical properties of lipid-based DNA therapeutics are essential for an e cient gene
delivery and need to be adjusted for a cell-type or tissue-specific gene expression. (3) In vitro, cell medium and cell characteristics are two
important factors influencing gene delivery e ciency. Cell-dependent factors include cell type, cell density (i.e., nanoparticles per cell), cell
attachment, and time for nanoparticle uptake. (4) In vivo gene delivery is mainly influenced by the route of administration and the nanoparticle
PK (i.e., circulation behavior, clearance rate, tissue penetration, targeting capacity, and cellular uptake).

For example, DOTAP/Chol DNA lipoplexes were formed in
complexation volumes ranging from 3.2 to 102.2 pL. Although
all formulations were diluted to a final volume of 102.2 L prior
to in vitro transfection experiments, a significant increase in
transfection e ciency was observed when DOTAP/Chol
lipoplexes were formed in larger complexation volumes.™*’
However, this e ect is dependent on factors such as initial DNA
concentration, transfection reagent, and N/P ratio.**"**® When
DOTAP/Chol lipoplexes are formed at a high N/P ratio, the
e ect of the complexation volume becomes negligible."*’

Although higher complexation volumes might be advanta-
geous for certain transfection reagents, the volume for in vitro
(cell culture dish) and in vivo (injection volume) admin-
istrations is limited. Protocols such as hydrodynamic injection
(8—10% of total body weight) for gene delivery to hepatocytes
may be applied in rodents, its application in the clinical setting is,
however, limited. The standard protocol for animal experiments
involves a normodynamic i.v. injection of a total volume up 5
mL/kg (1.25% of total body weight).*°~***
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FACTORS IMPORTANT FOR IN VITRO AND EX VIVO
TRANSFECTION

Thee ciency of lipid-based DNA delivery and subsequent gene
expression in vitro and ex vivo is dependent on various factors. In
the following sections, we summarize and discuss the influence
of nanoparticle design, transfection protocol, and target cell
type. An overview of factors influencing the nanoparticle
properties, and the transfection e ciency in vitro is provided
in Table 4 and Figure 5.

Nanoparticle Design. The physicochemical properties
(e.g., size and surface charge) of lipid-based DNA delivery
systems strongly influence their transfection e ciency in vitro.
Therefore, optimization of physicochemical characteristics is of
crucial importance to enhance DNA delivery and subsequent
transgene expression. In the following section, we discuss these
key factors, their importance for the design of lipid-based DNA
nanoparticles and their influence on gene transfer in vitro.

Size. The size of lipid-based DNA nanoparticles is a key
characteristic that influences the transfection e ciency in vitro.
This parameter depends on multiple factors such as the type of
cationic or ionizable lipid used,****#142 N/P ratio,**>**° pH of
the transfection medium,*** preparation method,*** time frame
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for maturation after complex formation,*** presence of
serum, 09.118:120127.128.130 o a1t concentration during complex
formation.**®*8124125 Consequently, nanoparticle size has to
be monitored during particle preparation, during storage under
di erent assay conditions, and before use. Despite such
precautions, nanoparticle size may increase after addition to
cell medium due to binding of plasma proteins and the
formation of a biocorona, 321446

There is no consensus on whether larger or smaller lipid
nanoparticles are more e ective (in vitro). Some authors
hypothesize that large particles sediment in vitro onto cultured
cells, leading to a higher exposure.****?° In addition, a higher
amount of DNA vectors can be incorporated within larger
nanoparticles as compared to their smaller counterparts.**°
Indeed, several research groups reported a positive correlation
between nanoparticle size and transfection e ciency in in vitro
experiments.**®2%27 | |ine with these reports, Almofti et al.
found that larger lipoplexes resulted in higher transfection
e ciencies in vitro. Furthermore, lipoplex size was the only
nanoparticle characteristic that correlated with transfection
e ciency.'® However, detailed studies revealed that the
amount of DNA internalized by cells is independent of
nanoparticle size.****” This finding suggests that not the total
amount of delivered DNA is decisive but rather the intracellular
processing of nanoparticles and their cargo. Indeed, large
intracellular vesicles might be more prone to vesicular disruption
than smaller vesicles associated with smaller nanopar-
ticles.!%%*#4128 This might favor endosomal escape and
appearance of a higher number of smaller-sized nanoparticles
in the cytoplasm.**

With respect to intracellular tra cking, nanoparticle size
heavily influences cellular internalization and intracellular
processing.**> For example, microparticles larger than 1 um
are internalized by antigen presenting cells (APCs) such as
macrophages and dendritic cells through phagocytosis, whereas
these particles are internalized ine ciently in nonphagocytic
cells.**® Nanoparticles smaller than 200 nm were shown to be
rapidly internalized by murine melanoma cells B16—F10 via
clathrin-mediated endocytosis, whereas larger nanoparticles
(i.e, 500 nm) were slowly internalized via other pathways.
Consequently, smaller nanoparticles accumulated in late
endosomes and lysosomes, whereas nanoparticles with a size
of 500 nm did not reach the lysosomal compartment.*>

( Potential. The ¢ potential of a nanoparticle is a measure of
the electrokinetic potential between the surface of a tightly
bound ion layer (shear plane) and the electroneutral region of
the surrounding solution. The { potential has practical
implications for the colloidal stability of systems containing
dispersed particles because this potential, rather than the Nernst
potential, governs the degree of repulsion between dispersed
particles and the interaction with biological membranes. The
potential is mainly influenced by the lipid composition and the
N/P ratio. In %eneral, the ¢ potential increases with increasing
N/P ratio.**>*>*

On the one hand, it was shown that nanoparticles with a
highly positive or negative ¢ potential (30 mV) have a high
colloidal stability due to electrostatic repulsive forces that
prevent aggregation.*?°*>* In sharp contrast, nanoparticles with
anearly neutral (5 mV)  potential rapidly agglomerate.*>> On
the other hand, a high positive { potential can increase the
adsorption of negatively charged plasma proteins to the
nanoparticle surface. All of these e ects influence nanoparticle
size and thus transfection e ciency. Strategies for improved
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colloidal stability, such as surface modification with the
hydrophilic polymer PEG, were already discussed in the
Additional Lipid Components section of this Review.

Transfection Protocol. DNA Quantity. The total amount
of DNA used during in vitro experiments markedly influences
the transfection e ciency. As a general rule, higher amounts of
DNA result in higher transfection e ciencies. For example,
increasing the dose of pDNA per well from 05 to 4 pg
significantly increased transfection e ciencies in various cell
lines when integrin-targeted cationic lipid-based/pDNA nano-
particles were used.’* Similar findings were made for other
types of transfection reagents and cell lines."***** In transfection
experiments with Lipofectamine, lipofectin, cellfectin, and
DMRIE-cholesterol, high in vitro transfection e ciencies were
obtained when pDNA concentrations above 1.33 pg/mL were
used. Lower pDNA concentrations resulted in dramatically
decreased transfection e ciencies.">* It should be noted,
however, that very high pDNA doses may also increase
cytotoxicity due to the co-administered high doses of cationic
lipids. This has been demonstrated by Gao et al., who reported a
bell-shaped curve for transfection e ciency versus DNA
dosage.**

Transfection Volume and Nanoparticle Concentration.
The transfection volume is defined as the total volume in which
cells are incubated with lipid-based nanoparticles for trans-
fection. For practical reasons, the transfection volume is, in most
cases, the sum of culture medium and its nutrients accessible for
cultured cells during incubation and a constant amount of
transfection reagent.

For many lipid-based transfection reagents, low transfection
volumes are associated with an increased transfection e ciency
due to a higher apparent concentration of DNA nanoparticles.
However, not all transfection reagents profit from higher
concentrations (i.e., lower transfection volumes). The commer-
cially available lipid-based transfection reagent Lipofectamine
2000 is hardly a ected by varying transfection volumes in a
certain range while maintainin% the same quantity of lipid-based
nanoparticles added to cells.*®

In general, decreasing the transfection volume leads to a
decreased amount of nutrients and growth factors in cell culture
and higher concentrations of transfection reagents. This may
result in increased cytotoxicity. Malloggi et al. clearly
demonstrated that the cell viability increased with increased
transfection volumes, irrespective of the transfection agent
used."®® High lipid nanoparticles concentrations can thus reduce
transfection e ciency due to reduced cell viability and
ine cient transgene expression as also shown for lipid
nanoparticles consisting of optimized ionizable lipids."” This
balance needs to be optimized for each lipid nanoparticle system
and experimental setting. A common strategy to reduce toxic
e ects of high lipid nanoparticle concentrations is to keep the
incubation times short and to exchange the cell culture medium.

Incubation Time. The incubation time of cells with lipid
nanoparticles strongly influences the transfection e ciency and
cytotoxicity. In this Review, the incubation time is referred to as
the time frame during which the cells are in contact with the
lipid-based DNA complexes (i.e., until medium exchange or
assay readout). As a general rule, long incubation times increase
the transfection e ciency. However, they may as well lead to
cytotoxicity, ' nutrient depletion during the incubation,*** and
aggregation of lipid nanoparticles. In particular, lipoplexes su er
from a rather low colloidal stability. To minimize aggregation of
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lipoplexes during transfection, an incubation time frame of 24 h
is typically not exceeded.***

It was demonstrated that transfection e ciencies of DOTAP
or DOTAP/DOPE-based systems reached a maximum after
24—48 h of incubation, whereas shorter or longer incubation
times led to reduced transfection e ciencies."® DOTAP/
pDNA lipoplexes showed a luciferase activity that was 2 orders
of magnitude higher 24 h after transfection as compared to 80 h
post-transfection.’®” The transfection e ciency of lipofectin/
pDNA lipoplexes in MRC5E- and 293E-cells increased when the
incubation time increased from 20 min to 4 h.** Similar findings
were made for other types of transfection reagents.*® It was
demonstrated that longer incubation times are associated with
higher amounts of internalized lipid nanoparticles.*>” However,
short incubation times reduce the interaction between cells and
the DNA/lipid complex and thereby reduce the transfection
e ciency.

Target Cells. Cell Lines. In general, cell lines can be
separated into primary cells and cultured cells. Primary cells are
often more di cult to transfect and the resulting transfection
e ciencies are low,"*® whereas immortalized cultured cells such
as COS-7, NIH 3T3, HelLa, HEK 293, and CHO often show
high transfection e ciencies.

While lipid nanoparticle uptake is rather fast in most cultured
cells, membrane binding and cellular internalization seems a rate
limiting factor for high transfection e ciencies in primary
cells.>* Vercauteren et al. showed that the slow and ine cient
cellular internalization of lipoplexes in primary bovine cells
(BRPE) correlated with a low transfection e ciency of these
cells, whereas cultured retinal pigment epithelial cell lines
(ARPE-19 cells) were e ciently transfected after a rapid
lipoplex internalization. Indeed, the low metabolic activity of
primary cells (leading to significantly lower cellular growth rates
for primary cells as compared to cultured cell lines)™* results in
a low endocytic activity. However, not all cultured cell lines can
be transfected e ciently. Di erences in the expression pattern of
extracellular receptors and intracellular mediators, endocytic
activity, and cell division rate can influence the gene delivery
e ciency to various cell types. For example, COS-7 cells
expressed a luciferase reporter gene 165-fold more e cient as
compared to HEK-293 cells using similar DNA delivery
conditions. The authors hypothesized that COS-7 cells may
have an increased nuclear translocation of inserted DNA due to
a markedly increased cell division rate.**® The synthesis and
secretion pattern of various molecules is another cell-line-
dependent factor. For example, A549 human lung epithelium
carcinoma cells are known to be able to synthesize and secrete
saturated PC, an important component of pulmonary surfactant.
Secreted lipids can interfere with DNA transfection in vitro by
disrupting lipid—DNA complexes.*******%! Replacement of the
culture medium prior to transfection may therefore be advisable
if epithelial cells are transfected and if the lipid nanoparticles are
sensitive to disruption. Similarly, the expression of collagen by
cultured and isolated cells can vary between 0.001% and 50% of
the total protein content among di erent cell lines.***'®* In
addition, di erences in endocytic capacity and cell division rate
may influence transfection e  ciencies in vitro. Furthermore, cell
lines that express su cient levels of target receptors should be
chosen when actively targeted DNA delivery systems are
evaluated. For example, cells that express a high level of the
galactose-binding ASGP receptor will show higher transfection
e ciencies when nanoparticles are modified with galactose
moieties.***
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It should be noted that the extent of many of these
phenomena depend on the type of delivery system used. For
example, transfection e ciency in C6 rat glioma cells**’ or
caprine and ovine fibroblasts'** is higher with Lipofectine as
compared to DMRIE, whereas the opposite was found in bovine
fibroblasts™>* and COS cells.*®> All of these findings highlight
the importance to carefully choose a suitable in vitro cell model
for a specific question to be addressed.

Cell Density. The cell density strongly influences the
transfection e ciency and lipid nanoparticle-mediated toxicity
in vitro. A low cell number results in a high dose of nanoparticles
per cell that may result in higher transfection e ciencies.*****
When cells with a confluence of 30%, 60%, and 90% were
transfected at a constant lipid nanoparticle concentration,
transfection e ciencies of 45%, 27.6%, and 6.5% were
achieved.”* In addition, cells in an exponential growth phase
often showa higher protein expression as compared to confluent
(resting) cells.”>® However, cytotoxicity may be dramatically
increased when a (too-) low cell density is chosen for
transfection experiments. This is due to reduced growth rates
at low cell densities (e.g., below 50%)"*" and the increased
relative dose of lipid nanoparticles per cell. Consequently,
commercially available transfection reagents are often recom-
mended in combination with cells that show a high confluence
(e.g., 90—95% for Lipofectamine 2000).

Plate Coating. The type and surface coating of cell culture
plates is another factor that influences transfection e ciency.
The substrate on which cells are cultured has an impact on, e.g.,
cell polarity, morphology, proliferation, di erentiation, viability,
and responsiveness to signaling molecules.*®® In general, cells in
suspension are harder to transfect compared to adherent cells.*®”
Adherent cultured cells need to attach to a substrate to survive
and divide.*®*°® Whereas positively charged surfaces represents
the easiest and most frequently used substrate for culturing
strongly adherent cells such as fibroblasts, a pretreatment of the
culture plate may be required for other cell types.*®® Typical
examples of coating reagents are extracellular matrix SECM)
proteins such as collagen, fibronectin, and laminin'®*® or
cationic polymers such as poly-L-lysine (PLL), polyorni-
thine,"’%*"* or polyethylenimine (PEI).*"**"® The coating of
wells with cationic polymers or ECM proteins increased the
DNA delivery e ciency in weakly adherent HEK-293 and PC-
12 cells up to 6-fold. However, no increase in transfection
e ciency b]y coating was observed for strongly adherent primary
fibroblasts."®® Increase in transfection e ciency by plate coating
in weakly adherent cells may be a result of decreased detachment
of cells (when culture medium is aspirated) and increased cell
membrane surface area."”*

FACTORS IMPORTANT FOR IN VIVO GENE DELIVERY

In Vitro to in Vivo Translation. A major bottleneck in the
development of lipid-based DNA therapeutics is the weak
correlation between results observed in vitro and the actual
situation in vivo.? Cultured cells are in direct contact with lipid
nanoparticles during incubation. However, in vivo additional
factors such as PK, tissue distribution, safety and tolerability,
interactions with the host immune system, and metabolic
stability of injected nanoparticles have to be considered.
Recently, more than 100 di erent cationic lipids were
investigated for SIRNA delivery to hepatocytes in vitro and in
vivo. Surprisingly, physicochemical properties such as ¢ potential
and the nanoparticle size (when <300 nm) could not be used to
directly correlate in vitro—in vivo transfection e ciencies.*”
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Table 5. Factors Important for in Vivo Gene Delivery®

influence factor e ecton

blood circulation time
tissue penetration
pharmacokinetic behavior
opsonization

nanoparticle size

general influence

reduced blood circulation time for smaller NPs

enhanced tissue penetration for smaller NPs

increased NP uptake in spleen and liver for larger NPs

increased serum protein opsonization for smaller NPs with higher specific surface area
positive ¢ potentials favor serum protein opsonization

positive ¢ potentials (>20 mV) as well as negative ¢ potentials (20 mV) may lead to 0 -target tissue

cationic nanoparticles accumulate in lungs, and anionic nanoparticles are sequestered by liver endothelial cells

{ potential interaction with serum
proteins
pharmacokinetic behavior y
accumulation
and spleen
route of pharmacokinetic behavior

administration
side e ects/toxicity

accumulation at the site of injection for nanoparticles with poor di usion capacity

related to tissue distribution or increased risk after local deposition of cationic lipids

2Summary of most important factors (in addition to formulation aspects; see Table 3) influencing the lipid-based delivery of DNA and subsequent
gene expression in vivo. Influence factors are listed in accordance to chapters of this Review.

Classical 2D cell culture models often fail to mimic the in vivo
situation and fail to predict nanoparticle biodistribution.”
However, early screening of hundreds of formulation candidates
in preclinical animal models is costly and time-consuming and
raises ethical concerns. The limited in vitro to in vivo translation
depicts a key limitation in the development of e cacious lipid-
based gene delivery systems. Noteworthy, several recent
developments have the potential to bridge this gap by either
using non-rodent screening models or by increasing the
experimental power of single in vivo studies. Increasing number
of evidence is highlighting zebrafish (and their embryos) as a
model to screen nanoparticle circulation and biodistribu-
tion,*™*"° to analyze nanoparticle toxicity'’’ and to assess
their therapeutic potential in various disease models.****¢*
These assays can be performed in high-throughput and the
transparency of zebrafish embryos enables whole-body imaging
using fluorescence-based techniques.*"® Sieber et al. systemically
injected liposomal formulations in zebrafish embryos and
analyzed the circulation behavior (i.e., PK)'"® and macrophage
uptake’® to optimize lipid composition as well as type and
extent of PEGylation.

Other preclinical screening strategies aim to increase the
experimental throughput and were optimized for parallel
formulation assessment in rodents. The so-called barcoding of
nanoparticles using DNA codes allows the injection of hundreds
of formulation candidates in the same animal.*%27184
Subsequent decoding by high-throughput techniques such as
next generation sequencing (NGS) allows the tracing back of the
DNA signal and sequence to a formulation composition.
Furthermore, this technique has the main advantage that it
can be considered label-free because the drug payload (eg.,
pDNA) is directly quantified. This technique allows reducing
the number of animals and analytical e orts used for PK and
biodistribution by orders of magnitude.

Factors Important for Lipid Nanoparticle Design. An
overview of factors important for in vivo gene delivery is
provided in Table 5 and Figure 5. Several nanoparticle-related
characteristics can be optimized to obtain e cient gene delivery
in vivo. Physicochemical properties such as size and ¢ potential
need to be considered early in nanoparticle design. Factors such
as the route of administration, dosing scheme, or target tissue
and cell type are important design restraints. In the following
section, these nanoparticle- and therapy-related factors will be
discussed in more detail. Because results from in vitro cannot be
accurately translated to the in vivo situation, advanced preclinical
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screening tools are of increased interest (see the In Vitro to in
Vivo Translation section).

Size. After administration into the body, lipid nanoparticles
need to reach their target tissue. Major hurdles for target tissue
accumulation are several tissue and cell specific hurdles, e cient
internalization, and release of the nucleic acid payload.'*°

Nanoparticles with a hydrodynamic diameter below 6 nm can
be excreted via renal filtration.*>*%° Interestingly, nanoparticles
consisting of positively charged lipids were shown to be excreted
via urine even if their size exceeds the glomerular filtration
cuto . For example, lipoplexes that self-assemble via electro-
static forces can be destabilized by negatively charged
proteoglycans (e.g., heparin sulfate) at the glomerular basement
membrane in the kidneys.*®” It was shown that sterically
stabilized (i.e., PEGylated) lipid-based nanoparticles with a size
of less than 150 nm in diameter are able to accumulate in the
bone marrow of rabbits. In contrast, nanoparticles with a size of
250 nm are more e ciently sequestered by the reticuloendo-
thelial system (RES) including spleen and liver-resident
macrophages, i.e., Kup er cells, whereas only a small fraction
can be found in the bone marrow.*®®

The physiological role of the spleen is the removal of aged or
damaged red blood cells and other particles from the blood.
Notably, the spleen is endowed with interendothelial cell slits of
approximately 200—500 nm, and nanoparticles exceeding this
size threshold act as splenotropic agents.***®® Thus, further
increase in size (and positive ¢ potentials) enhances nano-
particles accumulation in the spleen.*”* In addition, increased
protein accumulation and opsonization results in enhanced
uptake by phagocytic Kup er cells in the liver. #8992 These
processes finally result in a reduced plasma half-life and
decreased gene delivery e ciency to the target cell.

For tissue- or cell-type-specific targeting, nanoparticle size is a
key parameter. For example, the fenestrae of human hepatic
sinusoidal capillaries have an average diameter of 105 nm with a
size range between 50—180 nm."* Notably, these fenestrae
parameters might show variations due to pathological
conditions.*****> Thus, the delivery of nucleic acids to
hepatocytes is unlikely if the diameter of the nanoparticles
markedly exceeds that of the fenestrae. Other targets are not
(e.g., central nervous system) or note ciently accessible via the
central blood circulation (e.g., solid tumors) and require deep
tissue penetration. It was shown that smaller nanoparticles and
particles with a high aspect ratio exhibit enhanced tissue
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penetration.'?®8529197 Nanoparticle size is therefore a critical
design parameter to achieve e cient gene delivery in vivo.

( Potential. The ¢ potential can influence to which extent
nanoparticles interact with serum proteins. As a consequence of
opsonization, nanoparticles are removed from the bloodstream
by phagocytotic cells.**® For example, Xiao et al. demonstrated
that micellar nanoparticles with either highly positive or highly
negative surface charge are cleared by macrophages following
opsonization.*° Besides influence on macrophage clearance, the
¢ potential was also shown to influence the biodistribution of
nanoparticles. Cationic nanoparticles interact with negatively
charged biological membranes, leading to adsorptive mediated
endocytosis and a high systemic plasma clearance in vivo.
Anionic nanoparticles, however, are at risk to be cleared via Stab-
2-dependent stabilin scavenger receptors of mammalian liver
sinusoidal endothelial cells."”® Kranz et al. demonstrated that a
highly positive ¢ potential (>20 mV) is associated with
predominant nanoparticle accumulation in the lungs, whereas
negative ¢ potentials (20 mV) led to almost-exclusive
nanoparticle accumulation in the spleen.”®® Similarly, Levchen-
ko et al. demonstrated an increased liver accumulation of
negatively charged lipid-based nanoparticles.”** A possibility to
overcome di culties associated with high surface charges is
decoration of the nanoparticle surface with PEG.?°? However,
several issues are associated with PEGylation of DNA
therapeutics. First, the use of more than 8 mol % DSPE-
PEG2000 for the preparation of PEGylated lipid nanoparticles is
associated with an increased risk for liposome destabilization.?*®
Second, the PEGylation of nanoparticles may lead to immune
responses against PEG, especially in the case of multiple
dosing.*®* Finally, excessive PEGylation m'3ght result in
decreased therapeutic e cacy (PEG-dilemma).”~%°

Route of Administration. Systemic Administration.
Several nanoparticle-related characteristics can result in rapid
clearance of nanoparticles from the bloodstream. The lung is the
first organ encountered by intravenously injected nanoparticles.
Consequently, the i.v. injection of (large) cationic nanoparticles
or particle agglomerates leads to first-pass filtration in the lung
and is likely to provoke severe side e ects such as embolism. At
later time points, a substantial fraction of cationic nanoparticles
can be found in liver or spleen. Cellular uptake is preferentially
mediated by endothelial cells (lung) or Kup er cells
(liver).?%>="" Thus, besides the spatial distribution, a temporal
distribution takes place after i.v. administration.?°>?°® Several
strategies were introduced to overcome these limitations.***

Local Administration. Besides chemical modification of
lipids and synthesis of new lipid (-like) materials, local
administration is another promising approach to avoid issues
related to systemic administration. Lipid-based nanoparticles are
invasively deposited within diseased organs or tissues to achieve
a (local) therapeutic e ect. Due to the focused delivery, the
administered dose of the lipid-based DNA therapeutics can be
reduced. This strategy is especially favorable for nanoparticles
with poor pharmacokinetic properties because the nanoparticles
remain at the site of administration.”®> Examples of successful
local administration of lipid nanoparticles are provided in the
following section.

Many solid tumors are characterized by a high interstitial fluid
pressure and therefore, systemically administered nanoparticles
show a reduced accumulation due to a pressure gradient that
limits di usion.?°®?*° When positively charged GL67/DOPE/
1,2-dimyristoyl-sn-glycero-3-posphoethanolamine conjugated
PEG (DMPE-PEG) liposomes were injected intratumorally, a
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2000-fold increased expression of a chloramphenicol acetyl-
transferase (CAT) reporter gene was achieved as compared to
systemic administration.?** In this respect, lipid-to-DNA ratio
and total DNA amount are the major influence factors on
transgene expression levels, followed by the injection volume
and the injection technique.?**> However, the therapeutic
success after intratumoral injection can vary significantly
among di erent tumor models. The optimization of treatment
procedures and schemes should thus be performed for every
tumor model treated.?*® The choice of an adequate preclinical
disease (i.e., tumor) model is considered as critical ste5p in the
translation of preclinical data to the patient situation.*®* Similar
to the intratumoral injection, lipid-based nanoparticles can be
administered locally to other tissues such as muscle (intra-
muscular) and skin (intradermal) via local injection or to the
gastrointestinal tract via the oral route.**?** For example,
intramuscular injection of lipid nanoparticles coding for viral
antigens was able to stimulate a humoral and cellular antiviral
immune response (i.e., genetic vaccination).?*>*'® Other
strategies aim to locally administer lipid-based nanoparticles to
lung or nasal mucosa and local application of lipid nanoparticles
was able to improve mucosal immunity.?>?*" However, the
colloidal stability and thus gene delivery e ciency of lipid
nanoparticles on epithelial barriers may be impaired due to
protective layers of mucus or surfactants.””> Many transfection
reagents show a dose-dependent cytotoxicity. Therefore, local
side e ects may be observed upon local administration. For
example, the production of reactive oxygen species was reported
upon local lung delivery.?*®

DNA THERAPEUTICS IN CLINICAL TRIALS

In recent years, several lipid-based DNA delivery systems,
administered via various administration routes, have been
investigated in clinical trials mainly focusing on the expression
of therapeutic proteins for cancer therapy or treatment of cystic
fibrosis (summarized in Table 6). Notably, none of these DNA
therapeutics have advanced to a late clinical phase. In the
following sections lipid-based DNA therapeutics in clinical trials
(registered with ClinicalTrials.gov) are described in detail.
Formulation aspects, compositions, and important nanoparticle
characteristics are provided.

DOTAP. Thefirst application of DOTAP-based lipoplexes for
systemic DNA delivery and subsequent gene expression was
published in 1997.%*° Since then, many preclinical and several
clinical tests were performed. In the following section, two
DOTAP/Chol-based gene delivery approaches for cancer
therapy are described in detail.

FUS1 Gene. TUSC2/FUS1 is a tumor suppressor gene that
mediates apoptosis in cancer cells. However, in many lung
cancer patients, FUS1 protein is reduced or lost.>*® The first
clinical trial on FUS1 gene delivery using DOTAP/Chol
lipoplexes (DC-FUS1) in patients with lung cancer was
published in 2012.22*?°2 DC-FUS1 was prepared in two steps,
resulting2 in lipoplexes with a mean particle size around 300
nm.??*2%% First, cationic liposomes consisting of DOTAP/Chol
(20 mM: 18 mM) were formulated using a combination of film
rehydration (sterile 5% dextrose), sonication, and sequential
extrusion. Second, DOTAP/Chol liposomes were mixed with
FUS1 pDNA in equal volumes to a final concentration of 4 mM
DOTAP and 0.5 mg/mL pDNA. DC-FUS1 were administered
via iv. infusion every 3 weeks at 0.01—0.09 mg/kg (dose
escalation). Patients received dexamethasone and diphenhydr-
amine prior to injection to suppress inflammatory responses.***
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Most common toxicities were hypophosphatemia and fever.
Five patients of this platinum-pretreated study cohort achieved a
stable disease. Interestingly, transcribed FUS1 mRNA and
translated protein were detected in tumor specimen and several
genes in the intrinsic pro-apoptosis pathway were changed. In
2011, a phase I/11 trial was initiated to investigate the
combination of DC-FUS1 nanoparticles with the epidermal
growth factor receptor (EGFR) inhibitor Erlotinib.?*>~%?

BikDD Gene. BikDD is a potent pro-apoptotic gene with
antitumor e ect. Xie et al. investigated this approach for the
treatment of pancreatic cancer.*® In preclinical animal models,
i.e., xenograft and syngeneic orthotopic mouse model, BikDD
gene delivery using DOTAP:Chol lipoplexes resulted in
significant antitumor e ects. Gene expression was controlled
by the pancreatic-cancer-specific promotor VISA. DOTAP:Chol
lipoplexes were produced according to Templeton et al.
(procedure as described above for DC-FUS1),** ie., extruded
DOTAP/Chol liposomes were mixed with pDNA resulting in
complexes between 200 to 450 nm in size. Notably, BikDD-
based gene therapies showed promising preclinical results in the
treatment of various other cancers such as hepatocellular
carcinoma, lung cancer, breast cancer, or prostate cancer.?*?~2%?
However, an initiated phase I clinical trial has been withdrawn
prior to enrollment (last updated in May 2015).

DOTMA. DOTMA is the first cationic lipid that resulted in
e cient transfection in vitro. Consequently, the first clinical
trials for the delivery of DNA were based on liposomes
consisting of DOTMA combined with cholesterol (equimolar
ratio).

Interleukin-2 (IL-2). Interleukin-2 is a potent activator of
immune responses. To maximize antitumor response in cancer
treatment, the immune-stimulatory e ects of IL-2 were
investigated.>** Cationic DOTMA/Chol liposomes (prepared
by microfluidization) were complexed with pDNA encoding for
IL-2 at a DNA-to-lipid weight ratio of 1:1 in a solution
containing 10% lactose. Resulting lipoplexes were characterized
by a mean particle below 200 nm.**®?** patients with squamous
cell carcinoma of the head and neck received multiple
intratumoral injections.”® Interestingly, the exogenous pDNA
nonspecifically induced interferon (IFN)-y and IL-12 cytokines.
A synergistic e ect of IL-2, IFN-y, and 1L-12 within the tumor
environment was observed.”*® Because one patient demon-
strated a tumor reduction, phase Il clinical studies were initiated.
The most-common adverse events were fever and nausea.

DMRIE. In 1993, the potential use of DMRIE for gene
therapy applications was demonstrated in combination with
DOPE (1:1 molar ratio).”*

CFTR. Because DMRIE/DOPE-DNA lipoplexes resulted in
e ective transgene expression with minor toxicity in several
preclinical studies, the e cacy and safety of lipid-mediated
transfer of the cystic fibrosis transmembrane conductance
regulator (CFTR) gene by intranasal instillation in patients with
cystic fibrosis was evaluated.”>’~2*° However, information on
physicochemical characteristics of tested lipoplexes and clinical
results is scarce. Of note, others reported that DMRIE/DOPE-
DNA lipoplexes were characterized by a heterogeneous size
distribution with dimensions of at least 100 nm or larger.”**

Interleukin-2. In several preclinical studies, pDNA encoding
IL-2 complexed with cationic DMRIE/DOPE-based liposomes
(product name: Leuvectin/VCL-1102) showed significant
reduction in tumor growth.?°"?*2%2 Therefore, this cancer
immunotherapy was investigated in several phase 1/11 studies in
patients with metastatic melanoma, renal cell carcinoma (RCC),
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and sarcoma. Lipoplexes were prepared immediately prior to
injection by vortexing of pDNA with liposomes at a DNA:lipid
mass ratio of 5:1 resulting in mean diameters of 200—500 nm.***
Leuvectin was injected with escalating doses ranging from 0.75
to 4 mg into multiple sites throughout the tumor.?**?*° In
around 75% of all tumors, IL-2 pDNA, IL-2 protein, and
infiltrating CD81 were detected. No grade 4 toxicities and only
one grade 3 toxicity were observed. Interestingly, two patients
with RCC and one with melanoma have achieved partial
responses, and around 25% of patients had a stable disease.

Major Histocompatibility Complex (MHC). The delivery of
pDNA encoding MHC molecules enables the stimulation of
antitumor immune responses. This approach was investigated in
patients with metastatic melanoma or hepatic metastasis using
DNA encoding HLA-B7 and B2-macroglobulin complexed with
cationic DMRIE/DOPE liposomes (Allovectin-7/VCL-
1005).2457%%8 Multilamellar liposomes were prepared by lipid
film rehydration using lactated Ringer’s solution followed by
vortexing. Prior to injection, cationic DMRIE/DOPE liposomes
were mixed with pDNA by repeated inversion. Patients received
direct injections into tumor lesions with escalating doses up to
250 pg. In a phase | immunotherapy study of patients with
hepatic metastases of colorectal carcinoma, the pDNA (93%),
mRNA (33%), and protein (63%) were detected.”*’ No serious
toxicity was observed. In a phase 1l study of direct intralesional
gene transfer in patients with metastatic melanoma, patients
received up to 10 g of Allovectin-7.%*® Only mild to moderate
adverse events were observed, and 18% of patients achieved a
regression. Several other clinical trials were initiated including a
phase 111 trial with 390 melanoma patients.>****° Unfortunately,
the rate of responses was unexpectedly low, and the drug was
discontinued.?>*?%2

EDMPC. The first study demonstrating the potential of the
cationic lipid EDMPC to deliver DNA to pulmonary cells was
published in 1997.%°

CFTR. Due to promising preclinical results, a first-in-human
trials in patients with cystic fibrosis was initiated.>*%>°
Liposomes consisting of EDMPC and cholesterol (1:1 molar
ratio) were prepared by sonication in 5% dextrose and
subsequently mixed with CFTR DNA resulting in lipoplexes
above 200 nm. A total of 11 patients received up to 4 mg of DNA
using a nasal spray. No adverse events were observed. However,
lipoplexes did also not show any activity. No vector-specific
mRNA was detected, most probably due to the low e ciency of
these lipoplexes in the nasal epithelium.

DC-Chol. The cationic derivative of cholesterol, DC-Chol,
was published in 1991 by Xiang Gao and Leaf Huang.* Since
then, DC-Chol/DOPE-containing liposomes were investigated
for several DNA delivery approaches.

EGFR Inhibition. In squamous cell carcinoma the EGFR is
often up-regulated. Therefore, the potential of an EGFR
antisense gene therapy was investigated to directly block the
production of EGFR in contrast to common inhibitory
approaches using monoclonal antibodies. To complex the
EGFR antisense DNA, cationic liposomes consisting of DC-
Chol and DOPE (produced by microfluidization at a 3:2 molar
ratio)*>® were mixed with DNA using 1 nmol of liposomes per
ug of DNA.?’ Similar studies revealed that final complexes had
a relatively large size above 200 nm.?**% In 2009, the results of
the first human application were published.?*® DC-Chol-based
nanoparticles were injected intratumorally at 60 to 1920 g of
DNA per injection (dose escalation). One-third of the patients

DOI: 10.1021/acsnano.8b07858
ACS Nano 2019, 13, 3754—3782


http://dx.doi.org/10.1021/acsnano.8b07858

ACS Nano

Review

achieved a clinical response, and importantly, no severe toxicities
(grades 3 and 4) were observed.

HLA-A2 Gene. The activation of tumor-specific immunity is a
promising strategy in the management of various malignant
disorders. Therefore, DC-Chol/DOPE lipoplexes containing
DNA encoding nonsyngeneic MHC antigens, i.e., the HLA-A2
gene, were investigated in a pair of phase I/11 trials.**"2%?
Lipoplexes were prepared by simple mixing of DC-Chol/DOPE
cationic liposomes (150—200 nm) and DNA in lactated Ringer’s
solution. Late-stage cancer patients received four weekly
injections into cutaneous nodules with up to 80 ug of DNA.
The majority of patients with metastatic cervical or ovarian
carcinoma had subsequent local immune responses. However,
all patients had progressive malignancies.

GL67. GL-67 is a multivalent cholesterol derivative that was
developed for the delivery of pDNA to the lung. Stabilized
lipoplexes consisting of GL67, DOPE, DMPE-PEG5000
(1:2:0.05 molar ratio), and pDNA were successfully delivered
via aerosolization.”*®

CFTR. Delivery of DNA encoding the CFTR is a promising
strategy for the treatment of cystic fibrosis. Several clinical trials
have been initiated investigating di erent lipid-based delivery
systems as discussed elsewhere in great detail.”®* Lee et al.
performed a detailed screening of cationic lipids for e cient
gene transfer to airway epithelia.>* The most-e ective lipid was
GL67, i.e,, 100-fold more active than DC-Chol. After intensive
optimization of the formulation, a phase | clinical trial was
initiated in 2008 followed by phase 11 clinical trials by the UK
cystic fibrosis consortium (www.cfgenetherapy.org.uk).?®3=2°
The incorporation of small amounts of DMPE-PEG5000
enabled the preparation of concentrated lipoplexes with an
optimal cationic lipid:pDNA ratio of 0.75:1 for aerosolization.
Patients (n = 78) received the nebulized lipoplex once per
month for 1 year. Lung function was modestly stabilized in some
individuals, and no significant adverse e ects were observed.”®®

Immuno-lipoplexes. In recent years, several active targeted
gene therapeutics have been developed for the treatment of
cancer. To increase specificity and transfection e  ciency, active
targeting of immunocomplexes to the transferrin receptor is one
strategy.”’® This strategy was used in clinical trials for the
delivery of pDNA encoding for p53 and RB94 via i.v. infusion.
To deliver the pDNA, cationic immuno-lipoplexes consisting of
DOTAP and DOPE were modified with antitransferrin receptor
single-chain antibodies (TfRscFv) to target tumor cells more
e ciently and trigger internalization. Immuno-lipoplexes were
prepared in a three-step procedure.?’"?"® First, liposomes
composed of a 1:1 molar ratio of DOTAP and DOPE (including
5 mol % MPB-DOPE for TfRscFv conjugation) were prepared
using ethanol injection method. Second, the reduced TfRscFv
was conjugated to the cationic liposomes via maleimide
chemistry. Third, cationic immunoliposomes were mixed with
pDNA. The final complexes had a size of around 100 nm in
diameter.?’®

p53. The tumor protein p53 is one of the most important
tumor suppressors and is frequently mutated in human cancers.
Thus, expression of p53 is an interesting approach to prevent
cancer formation and progression. In 2007, the first human
clinical trial using liposomal nanoparticles targeted by a single-
chain antibody fragment to the transferrin receptor (SGT-53)
were used to restore the normal human p53 gene.?”® In general,
only minimal side e ects were observed. Fever and hypotension
were the most common low-grade toxicities. A prophylactic
regimen including histamine blockade was used. Patients with
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di erent types of cancer were included, and the majority
demonstrated a stable disease. Exogenous p53 expression in
tumor samples was detected by polymerase chain reaction
(PCR) and Western blot analysis. In recent years, several clinical
trials have been initiated to combine SGT-53 with standard
chemotherapy (e.g., temozolomide, gemcitabine, docetaxel, and
topotecan) to achieve tumor regression,?%%28-2%3

RB94. RB94 is a truncated version of the retinoblastoma
protein RB110 and functions as a potent tumor suppressor.”**
Because human bladder cancers show a high transferrin receptor
expression, systemically administered targeted nanoparticles
(SGT-94) encapsulating a plasmid encoding RB94 were
investigated in preclinical studies.”® The first human clinical
trial in patients with genitourinary cancers showed evidence of
clinical activity.?®® Only minimal side e ects were observed.
Selective expression of RB94 in metastases was demonstrated by
PCR and Western blot analysis.

Lessons Learned from Clinical Trials: Successes,
Challenges, and Current Limitations. The aim of all nucleic
acid—based non-viral systems is to lead to a clinically useful
therapeutic. This has now been demonstrated for a lipid
nanoparticle formulation encapsulating siRNA. The approval of
Onpattro by the U.S. Food and Drug Administration is a
watershed event for non-viral gene therapy approaches. Not only
did the drug inhibit further progression of a deadly disease that
usually leads to death within 5 years of diagnosis, but also,
significant improvements were observed.®” This drug, which
contains the optimized ionizable cationic lipid DLin-MC3-
DMA and an siRNA to silence a gene called transthyretin
(TTR), inhibits the production of TTR in the liver following i.v.
administration. Mutations in TTR can lead to formation of
fibrils that deposit in amyloid plaques in nerve and cardiac tissue,
causing progressive neurotoxicity and cardiotoxicity. Onpattro
now provides an essentially curative therapy for this monogenic
disease. Further, the safety profile of Onpattro is encouraging,
with readily managed edema and occasional immunogenic
responses on injection that can be managed by slowing injection
rates and co-administration of immunosuppressants.“*®

Onpattro provides validation that clinically e ective non-viral
nucleic acid therapeutics can be developed. Recent work
extending these findings to mMRNA for vaccine and gene editing
applications suggests this promise extends to most, if not all
forms of gene therapy.”®~2** However, there remain significant
challenges. First, the only tissue that is available intravenously is
the liver. Lipid-based nanoparticle systems that can deliver
nucleic acid therapeutics to immune cells, endothelial cell,
tumors, and bone marrow are not yet developed. Second, the
di ering requirements for small (siRNA) and large (mRNA and
pDNA) non-viral formulations are not yet understood, and the
molecular mechanisms whereby these systems induce trans-
fection remain obscure. Third, the applicability of these non-
viral systems to other tissues available by direct injection have
not been characterized. This includes brain, ocular, subcuta-
neous, and other tissues. Finally, these systems are not yet
specific enough. Systems developed for nonhepatic tissues are
likely to also be able to transfect hepatocytes, leading to o -
target e ects, for example.

These issues aside the future is bright for non-viral gene
therapies including lipid-based DNA therapeutics. They o er
promising approaches to treat most diseases as well as
straightforward manufacturing, stability, and other requirements
necessary for developing a drug.
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Safety Concerns and Adverse Events in Gene Therapy
Clinical Trials. Although several clinical studies reported low
toxicity after administration of lipid-based DNA therapeutics to
humans, substantial clinical adverse responses have been
observed.”®” Systemic administration of lipid-based DNA
therapeutics induced inflammation, hematologic, and serologic
changes in a dose-dependent fashion.?"*2%° Therefore, strategies
to suppress inflammation and expand the therapeutic window
are crucial.?*® Systemic administration of small molecule
inhibitors to suppress nanoparticle-mediated inflammation
such as naproxen or dexamethasone have shown clinical
significance. To circumvent the co-administration of potent
immunosuppressive agents, successful incorporation of hydro-
phobic dexamethasone prodrugs into lipid-based nanoparticles
containing nucleic acids has recently been demonstrated,
thereby providing e ective immunosuppression.** Further
development will allow the incorporation of such strategies
into future clinical trials. In addition, optimization of DNA
vectors to reduce inflammatory responses, eg., by CpG
reduction, are necessary.’>> This will ultimately also increase
the magnitude and duration of transgene expression.

Pharmacokinetic Properties and Physiological Bar-
riers. An important limitation for most lipid-based DNA
therapeutics tested in clinical trials are their unfavorable
physicochemical nanoparticle properties including high surface
charge and large size. After systemic delivery, most cationic
complexes predominantly accumulate in the lungs, and large
nanoparticles get sequestered by the RES.?°>?* Taking into
consideration that these characteristics impact blood circulation
lifetimes, cellular binding, and internalization pathways, future
studies need to focus on optimized nanoparticles for delivery to
particular tissues. Physiological barriers represent another rate
limiting factor for lipid-based DNA therapeutics. For example, in
cystic fibrosis patients, DNA therapeutics need to be highly
e cient at penetrating the viscoelastic and adhesive mucus layer
in the lungs.??%2%

Intracellular Barriers. In addition to pharmacokinetic
properties, intracellular barriers represent a major hurdle for
lipid-based DNA therapeutics impeding their clinical perform-
ance. Once internalized into target cells and released into
cytoplasm, nuclear tra  cking of DNA vectors is fundamental. In
contrast to RNA therapeutics, this step represents a potentially
rate-limiting barrier for lipid-based DNA therapeutics. The
nuclear envelope completely seals the nucleus from the
cytoplasm, while the nuclear pore complexes (NPCs) enable
the import and export of molecules. Molecules smaller than 50
kDa can freely cross the NPC by passive di usion, while
macromolecules that exceed 50 kDa need to be transported
actively across the NPC. Because a double-stranded 20 bp
oligomer is reported to have an approximately equivalent size to
a 13 kDa polypeptide, pDNA generally exceeds the size limit for
passive di usion into the nucleus and therefore requires active
transport mechanisms.?*® To increase the likelihood of DNA
therapeutics to overcome nuclear barriers, a wide variety of
substances including nuclear localization sequences (NLS) were
investigated as reviewed elsewhere.?***% In the future, it will be
crucial to develop a better understanding of the intracellular
tra cking and to design strategies overcoming this bottleneck.

Controlled and Scalable Manufacturing. Manufacturing
of lipid-based DNA therapeutics is technically challenging and
represents a major challenge for a clinical translation and
ultimately commercialization. Cationic complexes tested in
clinical trials have mostly been prepared by simple mixing of
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cationic liposomes with DNA, which does not guarantee process
control and results in batch-to-batch variations. Identification of
a robust and scalable manufacturing process to produce
monodispersed and size-specific nanoparticles in a reproducible
and rapid manner is essential. Microfluidic mixing techniques
might represent a controllable process resulting in high
entrapment e ciencies and narrow size distributions as shown
for SIRNA.3

CONCLUDING REMARKS

In recent decades, tremendous e orts have been made for the
development of non-viral gene therapies. Several lipid-based
DNA delivery systems have been developed and excellent results
have been achieved in clinical trials for siRNA systems leading to
the first approved RNAI therapeutic. Nevertheless, the wide-
spread use of DNA vectors in clinical care is still hampered by
low transfection e ciency for certain tissues, imprecise
targeting, and unwanted activation of the immune system.
Thus, continued research on potent and biocompatible
nanomaterials for specific delivery of DNA to target cells and
e cient transgene expression is required. The continuous and
successful development of next-generation lipids made in the
field of RNA therapeutics is an excellent example for the
optimization of DNA therapeutics.**> Non-viral gene therapy
represents one of the most promising options for the treatment
of cancer or monogenic disorders. In the future, this technology
can potentially be used for several clinical applications. Examples
in the fight against cancer might include ddRNAi and the
expression of pro-apoptotic and oncotoxic proteins or tumor
suppressors. Patients with orphan monogenic disorders (i.e., rare
diseases) would highly benefit from disease-modifying ther-
apeutic options, which replace the mutated enzyme by delivery
of their encoding DNA sequences. Finally, the delivery of large
nucleic acids can enable the implementation of promising gene
editing approaches such as the CRISPR/Cas9 or zinc-finger
technology for in vivo applications.

AUTHOR INFORMATION

Corresponding Authors
*E-mail: joerg.huwyler@unibas.ch.
*E-mail: dominik.witzigmann@unibas.ch.

ORCID

Pieter R. Cullis: 0000-0001-9586-2508

Dominik Witzigmann: 0000-0002-8197-8558

Notes

The authors declare the following competing financial
interest(s): P.R.C. has financial interests in Acuitas Therapeutics
and Precision NanoSystems. The remaining authors declare no
conflict of interest.

ACKNOWLEDGMENTS

We thank all collaborators for helpful discussions and apologize
to all scientists whose work was not cited in this Review due to
space constraints. In addition, we acknowledge the financial
support of the “Novartis University Basel Excellence Fellowship
for Life Sciences”, “FAG Basel”, and the “Swiss National Science
Foundation” (SNF grants No. 174975 and No. 173057). DW
and JH have equally contributed as senior scientists to the
present work.

DOI: 10.1021/acsnano.8b07858
ACS Nano 2019, 13, 3754—3782


mailto:joerg.huwyler@unibas.ch
mailto:dominik.witzigmann@unibas.ch
http://orcid.org/0000-0001-9586-2508
http://orcid.org/0000-0002-8197-8558
http://dx.doi.org/10.1021/acsnano.8b07858

ACS Nano

Review

GLOSSARY

transfection, introduction of genetic material of foreign origin
into cells using biological, chemical, or physical methods to
obtain genetically modified (i.e., transgenic) cells; gene therapy,
treatment of various disorders based on the delivery of nucleic
acids to modulate gene expression at DNA or RNA level; gene
silencing, inhibition of endogenous protein expression based on
the delivery of nucleic acid drugs modulating the degradation of
mRNA or alternative splicing of pre-mRNA; gene expression,
expression of therapeutic proteins based on the delivery of
nucleic acid drugs encoding the gene of interest; gene editing,
altering gene expression based on the delivery of nucleic acid
drugs encoding nucleases to mediate insertion, deletion,
maodification, or replacement of DNA sequences in the genome;
ionizable cationic lipids, lipids containing amine moieties with
optimized acid dissociation constant resulting in a net-positive
charge at acidic pH (e.g., during formulation or intracellularly)
but net-neutral charge at physiological pH (e.g., in circulation)
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