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Abstract: Nucleic acid and genetic medicines are increasingly being developed, owing to their
potential to treat a variety of intractable diseases. A comprehensive understanding of the in vivo fate
of these agents is vital for the rational design, discovery, and fast and straightforward development of
the drugs. In case of intravascular administration of nucleic acids and genetic medicines, interaction
with blood components, especially plasma proteins, is unavoidable. However, on the flip side,
such interaction can be utilized wisely to manipulate the pharmacokinetics of the agents. In other
words, plasma protein binding can help in suppressing the elimination of nucleic acids from the
blood stream and deliver naked oligonucleotides and gene carriers into target cells. To control the
distribution of these agents in the body, the ligand conjugation method is widely applied. It is also
important to understand intracellular localization. In this context, endocytosis pathway, endosomal
escape, and nuclear transport should be considered and discussed. Encapsulated nucleic acids and
genes must be dissociated from the carriers to exert their activity. In this review, we summarize
the in vivo fate of nucleic acid and gene medicines and provide guidelines for the rational design
of drugs.
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1. Introduction

The sequencing of human genome has enabled the revelation of the causes of disease
at the genetic level [1]. Technologies such as antibodies and molecular targeting are also
being developed [2-4]. Antibodies are effective when the target molecules circulate in
the blood as a humoral factor or are accessible as cell surface antigens. However, the de-
velopment of antibodies targeting intracellular molecules is relatively difficult. In such
cases, nucleic acid therapy and gene therapy are promising options. Some chemically
modified oligonucleotides with specific configurations, such as antisense and siRNA drugs,
have managed to significantly overcome the biological barriers without any formulation
agents, and have achieved remarkable success [5]. Oher nucleic acids such as decoy
oligonucleotides [6], microRNA (miRNA) [7], aptamers [8] and circular RNA [9,10] are
also available to target specific molecule(s). Gene therapy is also a promising and grow-
ing field of research because it allows not only the expression of proteins but also their
inhibition [11,12]. mRNA delivery is one method for transient gene expression, and DNA
delivery is desirable for long-term efficacy. However, to obtain gene expression from DNA,
it is necessary to deliver DNA into the nucleus of the target cell, which is a difficult hurdle.
The use of viral vectors allows for efficient gene delivery owing to the inherent ability of the
viruses; however, there are concerns about their safety [13,14]. Development of non-viral
gene delivery is preferable due to the advantage of industrial production. This review
focuses on the in vivo fate of non-viral vectors, especially lipid-based ones, with the goal
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of providing the information necessary for the development of efficient and safe nucleic
acid therapy and gene delivery strategies/systems. In addition, the necessary evaluation
methods are discussed.

2. History of Non-Viral Nucleic Acid and Gene Delivery

Non-viral transfection of exogenous DNA has been studied for half a century [15].
Since the development of the method to prepare liposomes (thin lipid film hydration) by
Bangham and colleagues [16-18], encapsulation of DNA in liposomes has been achieved [19,20].
Felgner et al. improved in vitro transfection efficiency using cationic liposomes containing
synthetic cationic lipid N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium chloride
(DOTMA) [21] to form complexes with DNA (lipoplexes). It was demonstrated that a com-
bination of DOTMA with helper lipid cholesterol was capable of transfection in vivo [22].
Cullis and colleagues have developed lipid nanoparticles (LNP) based on ethanol injection
to encapsulate nucleic acids antisense and DNA [23]. Thereafter, ionizable lipids with
rationally designed pKa values have contributed to improved delivery efficiency [24,25].

Naked plasmid DNA is an attractive in vivo transfection vector in animals. Wolff et al.
found that direct injection of naked DNA and RNA into muscle produced efficient gene ex-
pression in vivo [26]. Subsequently, hydrodynamics-based in vivo transfection, which is a
rapid large-volume injection in the vasculature, has been developed [27,28]. Hydrodynamics-
based in vivo transfection is an efficient method for delivering foreign genes to the liver.
However, the possibility for its clinical application is limited owing to the requirement of a
large volume. Physical stimuli, such as electroporation [29-32] and sonoporation [33,34],
can improve the transfection efficiency of naked plasmid DNA. Additionally, pressure-
mediated transfection of plasmid DNA has been reported [35-37]. However, these methods
require specific instruments and/or procedures (operations) for physical stimuli. More re-
cently, Huang et al. developed an efficient nonhydrodynamic in vivo transfection method
using lipid calcium phosphate nanoparticles (LCP) [38], but the preparation procedure of
LCP (core production and subsequent lipid film hydration) is complicated when compared
with ethanol injection for LNP.

Cationic polymers, such as polyethyleneimine (PEI) [39,40], dendrimers [41], polymeric
micelles [42], and polyion complexes [43] are also promising. However, the concerns of
accumulative toxicity and antigenicity must be resolved prior to clinical applications.
In comparison, lipid-based carriers may be preferable in terms of accumulative toxicity
and antigenicity. Recently, siRNA Patisiran-containing LNP (ONPATTRO®) and siRNA
Givosiran-containing LNP (GIVLAARI®) have been clinically approved [44-46]. In January
2020, the outbreak of COVID-19 occurred [47], and the worldwide pandemic is currently
continuing. Surprisingly, in the same year, the use of two mRNA-containing LNP-based
vaccines against SARS-CoV-2 started in the USA based on the Emergency Use Authoriza-
tions from the Food and Drug Administration (FDA) [48,49]; thus, LNPs enable very rapid
development of mRNA vaccines. Lipid-based carriers are an attractive and versatile plat-
form to deliver not only siRNA, but also mRNA and plasmid DNA. Many clinical trials are
ongoing using not only LNPs, but also other vectors such as PEI, as well as naked mRNA,
plasmid DNA, and chemically modified antisense oligonucleotides (ASOs) [5,12,44,45,50-52].

Exosomes, a kind of extracellular vesicles, are known to contain nucleic acids such
as mRNA and miRNA; thus, they are thought to be attractive delivery vehicles [53-56].
Recently, Yamayoshi et al. have designed a unique system, ExomiR-Tracker, for delivery of
anti-miRNA oligonucleotide to target cells using anti-exosome antibodies [57].

We summarized the history of gene therapy and non-viral vectors in Figure 1. The de-
velopment of new delivery systems for nucleic acid and gene medicines can still be expected
in the future. To develop the new delivery systems, it is better to understand the in vivo
fate of them; then, we summarized it as follows.
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Figure 1. History of nucleic acid and gene medicines. The number of publications were searched
via PubMed on 18 January 2021. Search queries: for “Gene”, (“Gene therapy” or “gene delivery”);
for “ASO, siRNA, miRNA”, ((“siRNA” or “miRNA” or “microRNA” or “antisense oligonucleotides”)
and (“therapy” or “delivery”)); for “Genome editing”, (“genome editing” and (“therapy” or “deliv-
ery”)); for “Gene delivery”, (“gene delivery”); for “Lipid-based”, ((“liposome” or “liposomes” or
“lipid nanoparticle” or “lipid nanoparticles”) and (“gene delivery” or “gene therapy”)); for “Polymer-
based”, ((“polymer” or “polymers” or “polymeric micelles” or “dendrimers” or “polyion complexes”),
and (“gene delivery” or “gene therapy”)).

3. In Vivo Fate

Once naked oligonucleotides or gene vectors enter the body, interaction with biological
components awaits them [58-60]. In particular, the interaction with blood components is a
crucial factor in determining the success or failure of in vivo delivery (or gene transfer) after
intravenous injection. In addition, distribution to non-target tissues and cells hinders their
success. After reaching the target cells, intracellular trafficking is also a hindrance. Since the
endosomal/lysosomal pathway degrades the vectors, endosomal escape is necessary for
their activity. The double bilayer membrane of the nucleus acts as the final barrier of the
cells to defend against the exogenous substances. Each of these processes can act as huge
hurdles/barriers for both oligonucleotides and vectors [61]. We summarized the fate of
naked oligonucleotides and non-viral vectors after administration (Figure 2).
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Figure 2. Schematic representation of the in vivo fate of vectors.

3.1. Interaction with Blood Components

Interaction with blood components is the first step after the administration of the
materials into the vasculature [62]. Blood components broadly include blood cells, plasma
proteins, and various ions. Since each component can be technically separated, the effect of
each component on the interaction with foreign materials can be experimentally analyzed.
However, care should be taken to interpret the results. For cationic non-viral vectors such
as lipoplexes prepared in nonionic dispersion medium, (example, 5% glucose solution),
aggregation and precipitation may occur when mixed with solutions with physiological
concentrations of ions (example, saline) [63]. However, the addition of proteins such as
serum albumin can inhibit their aggregation [64]. In addition, aggregation and precipi-
tation occur only when red blood cells are suspended in phosphate-buffered saline and
mixed with lipoplexes, but adding proteins again to the red blood cell suspension inhibits
aggregation [65]. Thus, it is difficult to separately identify the role of each component.

Pre-incubation of lipoplexes with blood components enables the elucidation of the
role of each component (Figure 3). Serum components have been considered as repressors
of gene transfer; therefore, serum-free medium has been used for in vitro transfection [66].
The inhibitory effect of serum on transfection can be avoided by increasing the charge ratio,
that is, the molar ratio of the positive charge of the cationic liposome to the negative charge
of the DNA [67]. If the serum is inactivated by heat treatment in an in vitro experimental
system using cultured cells, it is not possible to accurately understand the role of serum
in vivo. Sakurai et al. analyzed the role of each component by incubating lipoplexes with
erythrocytes or serum prior to administration and showed that gene expression in the
lungs was not reduced by preincubation with serum but was reduced by preincubation
with erythrocytes [68]. Additionally, in case of intraportal administration of lipoplexes,
preincubation with serum increases gene expression in the liver [64]. On the other hand,
heat inactivation of the serum reduces gene expression of lipoplexes in the lungs and
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liver [64]. Therefore, when considering interactions with blood components, blood cells
rather than proteins should be considered as inhibitors. Analysis of individual plasma
components is also in progress. Lipoproteins are also reported to be major gene expression
repressors [69,70]. However, some proteins have been reported to enhance gene expression.
How and which components contribute to gene expression is highly dependent on the
composition of the vector and conditions of animals. In cationic liposomes composed
of the cationic lipid DOTAP and cholesterol, fibronectin significantly contributes to gene
expression [71,72]. In hepatitis mice, interaction with albumin significantly contributes
to gene expression [73]. Since many plasma proteins adsorb onto the lipoplexes as “pro-
tein corona” [74-77], there may be other important proteins that determine transfection
efficiency. It was reported that plasma concentration and the presence of DNA affects the
composition of protein corona onto lipoplexes [76,77]. For ionizable lipids that can change
their charge with pH and have low surface potential in neutral pH, apolipoprotein E (ApoE)
has been reported to make a significant contribution to hepatic gene transfer [78,79]. In ad-
dition, the concentration of ApoE affects the delivery efficiency of the cargos. Therefore,
when developing non-viral vectors, there is a need to control their interaction with the
proteins while suppressing the interaction with blood cells.
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Figure 3. The role of blood components on hemagglutination, formation of large aggregates and size
increase of cholesterol-containing lipoplexes, illustrated based on references [71,72].

Oligonucleotides (ODN) used for antisense and siRNA applications are, in general,
single- or double-stranded DNA (or RNA) molecules (typically 5-30 mer), with a range of
molecular weight between 2-20 kDa. As this class of drugs is much smaller than plasmid
DNA in size, direct injection of naked (unformulated) oligonucleotides has so far been
actively pursued. Native DNA and RNA are known to be rapidly eliminated from blood
when injected because of poor protein binding and poor metabolic stability [80]. A major
strategy to achieve the formulation of injectable naked oligonucleotide drug has been
to implement chemical modifications and/or artificial nucleic acids to the body of the
oligomers to allow for the utilization of the interaction with serum components and fortify
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nuclease resistance [81-83]. The earliest example is the introduction of a phosphorothioate
internucleotide linkage (PS). It has been shown that PS modification greatly enhances
albumin binding and tolerability against nuclease digestion, eliciting the prolonged re-
tention in the blood circulation, which gives more opportunity for the drugs to access
target tissues [84-86]. More recently, Gaus et al. revealed the effect of sequence, sugar mod-
ification, and PS content of ASOs on the affinity and selectivity for interacted plasma
proteins [87,88]. ASOs with PS modification were shown to associate with more abundant
plasma proteins, such as albumin, IgG, transferrin, apolipoprotein A (ApoA), and comple-
ment C3 with sub to low micromolar dissociation constants (Kg), while they bound to less
abundant plasma proteins such as histidine-rich glycoprotein (HGS), x-2-macroglobulin
(A2M), factor V, and ApoE with 5 to 50 nanomolar K. Interestingly, the flexibility of single-
stranded oligonucleotides was found to be important for better plasma protein binding
when compared with more rigid counterparts such as PS deoxyadenine (dA) oligomers and
ASO/RNA duplexes. At the same time, some knockout mouse studies have provided an
important hypothesis that very tight binding with plasma proteins can reduce the activity
of ASOs [89].

3.2. Distribution to Non-Target Tissues

When using cationic liposomes, gene transfer into the lung is relatively easy [22].
Although an embolic effect is believed to be caused by aggregates produced by the in-
teraction with blood cells, interaction with fibronectin also contributes to pulmonary
gene transfer by cationic lipoplexes. This can be explained by the finding that gene ex-
pression in the lungs after intravenous administration of lipoplexes is inhibited by 90%
due to prior administration of a competitive peptide inhibitor of the interaction of fi-
bronectin and integrins [72]. In any case, if the target tissue is not the lung, transfer
to the lung must be inhibited. Other problems include capture by the reticuloendothe-
lial system [90,91]. Therefore, it is necessary to devise ways to promote transfer to the
target tissue while increasing blood retention. To improve blood retention to prevent
the distribution to non-target tissues, polyethylene glycol (PEG) modification (PEGyla-
tion) is the gold standard strategy. PEGylation adds the stealth property to the vector;
however, it simultaneously decreases the uptake by target cells. This phenomenon is
known as PEG dilemma [92]. There are several strategies to overcome this dilemma,
including the use of pH-responsive PEG-lipids [93], enzyme-cleavable PEG-lipids [94,95],
and detachable PEG-lipids [96]. Among them, detachable nonionic PEG-lipids, such as
PEG-ceramide, 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol (DMG-PEG)
and 1,2-dstearoyl-rac-glycero-3-methoxypolyethylene glycol (DSG-PEG) are often used
for LNP formulation [97-100]. In general, oligonucleotides are rapidly subjected to re-
nal filtration unless they are heavily chemically modified or encapsulated in a vehicle,
such as LNPs. In case of ONPATTRO®, an approved siRNA drug, cationic PEG-lipid
o-(3-{[1,2-di(myristyloxy)propanoxy]carbonylamino}propyl)-w-methoxy, polyoxyethylene
(PEG-C-DMG) was used for the formulation of the LNP [101]. These PEG-lipids are dif-
ferent from anionic methoxypoly(ethylene glycol)-distearoyl phosphatidylethanolamine
(mPEG-DSPE, undetachable [102,103]) in terms of charge, which may be important for de-
tachability from the carriers. In contrast, when it comes to naked oligonucleotides, plasma
protein binding is a key factor to be considered to prevent rapid removal by renal filtration,
providing a greater chance of being distributed to tissues and cells of interest. These small
oligomers require chemical modification to enhance hydrophobicity and charge, based on
which oligonucleotide drugs interact with proteins. ASOs with a PS backbone have very
high plasma protein binding (more than 85%) [104]. Covalent conjugation of cholesterols,
tocopherols, and other fatty acids also help in improving the hydrophobicity and improv-
ing the blood retention of the drugs [105-114]. These lipophilic oligonucleotide drugs are
carried by lipoprotein particles, such as high-density lipoprotein (HDL) and low-density
lipoprotein (LDL), in addition to plasma proteins, and are directed to a variety of organs,
such as the liver, gut, kidney, and steroidogenic organs. However, it should be noted that
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adding some lipophilicity to the drugs sometimes hinders their activity at target tissues
due to increased accumulation of the drugs in non-target tissues [115].

3.3. Distribution to Target Tissue

To deliver foreign genes to target tissues, passive and active mechanisms can be
involved. As mentioned above, LNPs with ionizable lipids interact with ApoE, which is
a subsequence of PEG detachment, as a passive mechanism of delivery. As for the active
mechanism, ligand modification (such as sugar galactose and mannose modifications) is
useful for delivering the cargo to target cells via specific receptors [38,116,117]. Much effort
has been devoted to this receptor-mediated targeting approach for oligonucleotide-based
drugs, where a variety of targeting-ligand molecules are directly and covalently conjugated
to the drugs. N-Acetylgalactosamine (GalNAc) is one of the few successful ligands for both
siRNAs [118-122] and ASOs [123-128]. The GalNAc ligand can predominantly bind to the
asialoglycoprotein receptor (ASGPR), a cell surface lectin receptor, highly and selectively
expressed on hepatocytes, eliciting 10- to 60-fold enhancement of the knockdown activity
of this class of drugs in the liver. Recently approved Lumisiran (OXLUMO®) and Inclisiran
(Leqvio®) are the first siRNAs that carry GalNAc ligands. Another recent example of
ligand-conjugating ASOs was reported by Ammala et al., where an ASO conjugated to a
peptide ligand that binds to the glucagon-like peptide-1 receptor (GLP1R) was developed
to deliver ASOs to pancreatic insulin-secreting 3-cells [129]. This conjugate accelerated the
uptake of the payload in pancreatic islets and exclusively silenced target gene expression
at the intended site.

The intratissue distribution of non-viral vectors that reach the target tissue is also
important. If researchers wish to transfer the gene throughout the tissue, the intratissue
diffusion must be considered. Particularly in case of gene transfer into cancer cells, diffusion
in the cancer tissue (especially with rich interstitial fibers) is a barrier. In addition, if the
lesion is confined to a part of the tissue, site-selective gene delivery is desirable.

In most tissues, the vessel wall is a barrier. In other words, gene transfer to cells located
outside the blood vessels is extremely difficult. On the other hand, in the liver, spleen,
and cancer tissues, the endothelium has fenestrae, which allows gene transfer to cells
that lie outside the vessel wall. In case of the liver, the size of the fenestrae present in the
sinusoidal endothelial wall is approximately 100 to 160 nm (depending on the species) [130].
Therefore, the size of the carriers should be less than the size of fenestrae to deliver the
cargo to hepatocytes. In case of cancer, murine models of cancer cell transplantation can
pass through the vessel wall with relative ease, but human solid tumors are often less
permeable than tumors in mice, depending on the cancer type [131]. Cabral et al. compared
the permeability of polymeric micelles with different sizes (30-100 nm) and found that
only micelles measuring 30 nm had a good antitumor effect against poorly permeable
pancreatic tumors [132]. The particle size of adeno-associated virus (AAV) is approximately
20 nm [133], and AAV is often used as an efficient viral vector. Therefore, the smaller
the particle size, the better is the vessel wall permeability. In this context, much smaller
oligonucleotide drugs are being utilized in the naked form as they have the potential to
target any tissues by attaching cell-type specific ligand molecules.

3.4. Intracellular Trafficking
3.4.1. Uptake Pathway

Cellular uptake of non-viral vectors is usually performed by endocytosis [134,135].
Various endocytic pathways are present, including clathrin-mediated endocytosis, caveolae-
mediated endocytosis, flotillin-mediated endocytosis, macropinocytosis, and phagocyto-
sis [136]. In addition, the efficiency of endocytosis is thought to vary depending on the
type and density of the receptors, such as LDL receptors and asialoglycoprotein receptors,
which have very high capacities [137,138].

Normally, substances taken up by endocytosis into the cell are transferred to the
endosome, where they undergo degradation to the lysosome after acidification of the
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endosome. For this reason, endosomal escape must be considered. Some endocytosis
pathways, such as caveolae-mediated endocytosis and macropinocytosis, have been re-
ported to have a different fate after intracellular uptake, and it has been reported that
some of the uptake material may not make it to the lysosome [139,140]. At least, the speed
of a series of endocytosis is different and the opportunity for escape is ensured because
of the long time to transition to lysosomes [136,141,142]. The cellular uptake of naked
PS-oligonucleotide-based drugs is thought to be initiated by the adsorption of the drug to
the cell surface. This adsorption step is rapid, and a non-energy requiring process [143-145].
PS-ASOs’ interactions with membrane surface proteins stimulate multiple cellular path-
ways to allow the ASOs to trespass into the cytosol. Some of them are called “productive”
pathways that elicit pharmacological effect of PS-ASOs, whereas others are called “non-
productive” pathways, via which PS-ASOs seem to be directed to late endosomes and
lysosomes to accumulate [146-149]. The productive pathways are thought to include many
cell surface receptors that are associated with clathrin-dependent endocytosis, such as
G-protein-coupled receptors, scavenger receptors, toll-like receptors, and ASGPR as well
as caveolin-dependent surface proteins, such as integrins. The fluid-phase endocytosis
and other unknown pathways are involved in the uptake of naked PS-ASOs, among
which micropinocytosis is thought to be a non-productive pathway for naked PS-ASOs,
while formulated siRNAs apparently utilize this mechanism of uptake.

In contrast, there are intracellular transfer mechanisms that do not depend on endo-
cytosis. For example, Sendai virus (HV]) releases its contents into the cell by membrane
fusion with the plasma membrane, and HV]J-envelope vectors have been developed using
this mechanism [150].

3.4.2. Endosomal Escape

We have already stated earlier that non-viral vectors that are taken up by endocytosis
need to escape from the endosomes. For this escape, pH-sensitive substances based on en-
dosomal acidification are commonly used [25,79,151-154]. For naked oligonucleotide drugs,
it is still not fully understood how they escape from endosomes. However, some adaptor
proteins, such as adaptor-related protein complex 2 subunit mu 1 (AP2M1) and annexin A2,
are suggested to play key roles in sorting to direct PS-ASOs (anti-miR) to the productive
routes, while vacuolar protein sorting-associated protein 28 homolog (VPS28) and tumor
susceptibility gene 101 (TSG101), members of the endosomal sorting complex required for
transport-1 (ESCRT-I), are associated with the non-productive routes [155].

3.4.3. Subcellular Localization

Cytoskeletons are present in the cytoplasm that restrict the free diffusion of sub-
stances [156]. Actin and microtubules are involved in the cytoplasmic transport of non-viral
vectors [157]. It has also been reported that DNA undergoes degradation not only in the
lysosome, but also in the cytoplasm [158], and thus the stability in the cytoplasm needs to
be considered.

In dividing cells, nuclear localization of exogenous DNA is achieved at the nuclear
membrane disintegrating time during cell division. In non-dividing cells, the nuclear
membrane is intact and mass transport is limited. The molecular weight that can diffuse
through the nuclear pores is in the range 60-100 kDa [159], and nuclear localization signals
are required to allow larger material to pass through the nuclear pores. Cell lines are
proliferative; and therefore, it is necessary to consider cell division when researchers
develop non-viral vectors.

Plasmid DNA itself cannot pass through the nuclear pores because its molecular
weight is in millions. However, it has been reported that plasmid DNA possessing a
specific gene sequence can bind transcription factors and other factors that have nuclear
localization signals, and subsequently can pass through the nuclear pores [160-162].

A growing body of evidence suggests that each oligonucleotide drug with a different
sequence and chemical modification pattern shows a different protein binding profile [163].
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This change in protein binding can alter the subcellular localization of the drugs as well as
their pharmacological activity and toxicity profiles. To date, approximately 80 intracellular
proteins that bind to PS-ASOs have been identified [148,164,165]. Many of the proteins
have nucleic acid-binding domains, but others do not. Interaction with some of these
proteins, such as 54 kD nuclear RNA-binding protein (P54nrb), positive cofactor 4 (PC4),
X-ray repair cross-complementing protein 6 (XRCC6/Ku70), XRCC5/Ku80, and some
other miscellaneous proteins with no apparent nucleic acid binding domains such as
chaperon proteins heat shock protein 90 (Hsp90) and T-complex protein 1 subunit alpha
(Tcp1), membrane-bound annexin A2, tRNA synthase Vars, and cytoskeletal (3-actin have
been shown to perturb their antisense activity /toxicity profile and subcellular localization.
Previous microinjection studies have consistently shown that microinjected oligonucleotide
drugs, such as PS-ASOs and locked nucleic acid (LNA)-ASOs, are redistributed from the
cytosol to the nucleus within minutes, and only a small amount of ASOs is found in the
cytosol, which is presumably ascribed to ASO’s preferential binding to nuclear components
during intracellular diffusion [166-168].

3.4.4. Dissociation of Genes from Carriers

For effective transcription of mRNA from DNA, DNA should dissociate from its car-
rier [169]. In normal lipoplexes, this dissociation is less likely to occur, and gene expression
is thought to be limited. It has been reported that the transcription and translation efficiency
per copy of DNA transferred into the nucleus is 7000 times lower in lipoplexes than in
adenoviral vectors [170,171].

3.4.5. Autophagy

Autophagy is considered as an inhibitor of lipofection [172,173]. Inhibition of au-
tophagy by depletion of the autophagy receptor p62 increases transfection efficiency [174].
Chloroquine, an endosomal/autophagosomal acidification inhibitor, is known to increase
the transfection efficiency of cationic lipoplexes, while it decreases the efficiency of pH-
sensitive liposomes [175,176]. However, it was reported that the autophagy inhibitor
vacuolin-1 suppressed the efficacy of siRNA [177]. Thus, the role of autophagy in gene
transfer remains controversial.

3.5. Metabolism and Excretion

Serum contains nucleases; thus, it is necessary to consider the degradation in blood
after intravenous administration of nucleic acid and gene medicines [178,179]. Lysosomes
play the role of degradation of nanoparticles in cells [180]. In addition, it was reported that
plasmid DNA was instable in cytosol after microinjection [158]. Autophagy might work
to degrade nucleic acid and gene medicines taken up by cells. In case of ASOs, urinary
excretion should also be considered; then, protein binding is usually required for long-term
blood circulation [88].

The chemical-structural unity of the oligonucleotide-based drugs (still a diastereomer
mixture if the ones have some stereo-uncontrolled phosphonothioate bonds, though) as well
as the growing experience of clinical usage of this class of drugs have helped in investigating
their metabolism and excretion characteristics [181]. For example, the 2’-methoxyethyl
RNA (MOE)-modified phosphorothioate ASOs, the most clinically-advanced IONIS’s
ASO drugs, have consistently been shown to be metabolized primarily by endonucleases,
followed by subsequent 3'- and 5’-exonucleases in tissues [182]. Plasma protein binding
of the parent MOE ASOs is generally very high (>97%), while these strand-shortened
metabolites tend to have much lower affinity to serum components [88]. Eventually, these
metabolites and the unbound fraction of the parent ASOs are excreted predominantly from
urine, while much less of these drug-related compounds are found in feces [104].
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3.6. Safety Concern

With viral vectors, there are safety risks, including the production of neutralizing
antibodies, hepatitis, and leukemia [183-185]. Non-viral vectors are often considered safer
than viral vectors, but safety concerns exist for non-viral vectors as well.

For non-viral vectors, cytotoxicity is often an issue in cell culture experiments [40,186,187].
This may be due to the presence of excess cations. There are also reports that cationic
liposomes can induce apoptosis [188]. In vivo, innate immunity and hemagglutination,
as described below, are more problematic.

Immune responses can occur for non-viral vectors as well as viral vectors. Inflamma-
tory reactions can occur, leading to hepatitis [189]. Acquired immunity to DNA, that is,
antibody production, requires little consideration, but attention should be paid to innate
immunity. When using plasmid DNA as a vector, the plasmid DNA was amplified by
Escherichia coli (E. coli) and subsequently purified. Since lipopolysaccharide (LPS) from
E. coli is recognized by Toll-like receptor (TLR) 4 and causes an inflammatory response
and inhibits gene expression by the vector, it is necessary to exclude LPS as much as
possible [190]. In addition, plasmid DNA differs from mammalian DNA in terms of the
methylation pattern of CpG-containing sequences, leading to the recognition by TLR9 and
the production of inflammatory cytokines [191]. In the cytoplasm, there are other DNA
sensors, that is, the STING/TBK pathway and AIM2/inflammasome, and the production
of inflammatory cytokines occurs [192,193]. Immune responses to components other than
DNA in non-viral vectors, such as cationic liposomes and cationic polymers, have been
reported less frequently and are not well understood. For PEGylated liposomes, the acceler-
ated blood clearance (ABC) phenomenon, in which multiple doses cause the production of
anti-PEG IgMs and reduce blood retention [194]. For chitosan, which is a cationic polymer
used in gene delivery, anti-chitosan antibodies can also be produced [195]. Thus, especially
when using macromolecules, acquired immunity may need to be considered.

When the gene is introduced into a congenitally deficient patient, an immune response
to the protein produced by transfection may occur [196]. Immune responses to secreted
proteins, and even to gene-expressing cells, occur through the production of antibodies and
cellular immunity via major histocompatibility complex class I presentation, which results
in the elimination of gene-expressing cells. Conversely, this principle can be applied to
DNA vaccines [197]. In DNA vaccines, gene delivery to antigen-presenting cells, such as
dendritic cells, acts as a vaccine by eliciting cellular immunity to the protein that is the
product of the foreign gene expression. They are thought to be effective against cancer and
infectious diseases.

For cationic vectors, capillary embolization is a problem because it can aggregate red
blood cells [198]. When erythrocytes are suspended in phosphate-buffered saline, they
aggregate at a high rate, but aggregation is inhibited when using a pseudo-blood mixture
of erythrocytes and serum and becomes dependent on the mixture ratio of pseudo-blood
and cationic vectors [72]. Agglutination is more likely to occur at a mixture ratio of 1:1,
which mimics the immediate post-dose period, while aggregation is less likely to occur
at a ratio that takes systemic blood volume into account (more than 10:1) [72]. Even at a
mixture ratio that is prone to hemagglutination, PEGylation of the vector inhibits it [65].

As with retroviral and lentiviral vectors, random insertion mutagenesis can lead to
oncogenesis; for example, the development of leukemia has been reported [199]. For non-
viral vectors, the frequency of integration into the host genome is very low when plasmid
DNA is used for gene transfer, but random insertion into the genome is reported to
occur with highly efficient methods of gene transfer, such as electroporation [200]. This is
theoretically avoided in cases of mRNA delivery.

If gene transfer into germ lines such as sperm and eggs occurs, it artificially alters the
human race, which presents ethical issues [201].

Safety concerns still exist and have been a major challenge for therapeutic oligonu-
cleotides, even in the post-approval era of this class of drugs. In general, the current forms of
ASOs and siRNAs are well tolerated and useful for human treatment; however, substantial
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side effects, such as inflammation, hepatotoxicity, nephrotoxicity, and thrombocytopenia
are occasionally seen in both pre-clinical and clinical settings [202,203]. The production of
anti-drug antibody was also pre-clinically and clinically observed for mipomersen, the first
FDA-approved systemic antisense drug for hypercholesterolemia. In addition, in some
high-affinity 2’-modifications, such as LNA and cEt (constrained 2'-O-ethyl), an increased
incidence of hepatotoxicity has been identified [204-207]. Some possible mechanisms have
been proposed for this hepatotoxicity: one is a hybridization-dependent off-target path-
way, and the other is a sequence-dependent interaction with unwanted proteins. Further
investigation is required to elucidate the mechanism of these side effects and broaden the
therapeutic index.

4. Rational Design

We illustrated nucleic acid and gene medicines possessing ideal properties for suc-
cessful delivery (Figures 4 and 5). We summarized the elemental factors to be considered
as follows.
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Figure 4. The information for designing ideal non-viral vectors.
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Figure 5. The information for designing ideal oligonucleotide-based drugs.

4.1. Controlling Size of Nanoparticles

The liposome formulation is ahead in terms of the development of a drug delivery
system (DDS), and the information can be applied to the development of non-viral vectors,
including the solvent, PEGylation, and lyophilization. In terms of particle size, larger
particles tend to provide higher gene delivery efficiency of lipoplexes [208], but smaller
particles are preferable for controlling disposition in the body.

Non-ionic dispersion medium, such as 5% glucose, can be used to produce small
particle lipoplexes [63], but when the lipoplexes are mixed with ionic solvents, the size
of the particles increases. Therefore, when used clinically, they should not be mixed with
infusions containing electrolytes. Considering the principle of lipoplex formation, it was
thought that the cationic liposomes repel each other too strongly to cover the plasmid
DNA effectively when the cationic liposomes gather around the plasmid DNA during
complex formation in non-ionic dispersion media [63]. The idea was to add an appropriate
amount of electrolyte (such as sodium chloride). We hypothesized that the addition of an
appropriate amount of electrolyte (e.g., sodium chloride) would suppress the repulsion
between cationic liposomes, while ensuring repulsion among lipoplex intermediates. It was
found that the addition of 5 to 10 mM sodium chloride to the dispersion medium with
5% glucose stabilized the encapsulation of plasmid DNA, reduced the particle size of
lipoplexes, suppressed aggregation when mixed with saline, improved DNA stability
in serum, and enhanced pulmonary gene expression after intravenous administration
and hepatic gene expression after intraportal administration [63,209]. This strategy using
electrolytes for complex formation has been applied to bubble lipopolyplexes, which are
composed of anionic liposomes, protamine, plasmid DNA, and echo gas C3Fg, and has
shown to improve gas entrapment efficiency [210]. In addition, a moderate concentration
of sodium chloride is added to LNP [154]. During plasmid DNA purification, alcohol
precipitation is usually performed, but depending on the method, salts are likely to be
contaminated. Sodium acetate is less likely to precipitate salts than sodium chloride during
alcohol precipitation. Alternatively, it is possible to reduce the amount of salt contamination
by mixing a high concentration of plasmid DNA solution in water with ethanol. PEGylation
of lipoplexes not only prevents hemagglutination and improves blood retention, but also
improves formulation stability. With PEGylation, the particle size of the lipoplexes can be
reduced and physical stability can be improved [211]. While preparing lipoplexes, cationic
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liposomes and plasmid DNA are mixed, but this mixing process can cause variability in
the formulation. Here, microfluidic devices can be used to mix the two liquids, and it is
expected to produce small nanoparticles in a reproducible manner [212]. A combination of
the ethanol injection method is also possible [213], often referred to as lipid nanoparticles
(LNPs) rather than liposomes in this case.

4.2. Controlling the Interaction with Blood Components

The interaction with blood components defines the distribution of the vector in the
body to some extent. Therefore, depending on the target tissue or cell, there may be ways to
actively exploit the interaction or prevent it from happening. Interactions with erythrocytes
should be prevented in view of the risk of aggregation and embolization. Hemagglutination
is thought to be primarily due to electrostatic interactions with the cation. As mentioned
earlier, it can be prevented by PEGylation, but it is also useful to make the surface negative
potential. To date, liposome/polycation/DNA 1II, consisting of cationic polymers and
anionic liposomes [214], and ternary complexes consisting of cationic polymers and anionic
polymers [215] have been developed. However, since there are various components in the
blood, some of which are cationic, there is still the possibility of plasma protein binding
even when the surface is negatively charged, and the effect of these components on the
distribution characteristics of the body must be considered. The blood protein binding
ability also matters for therapeutic oligonucleotides to manipulate the pharmacokinetics
of smaller drugs. A variety of hydrophobic atoms/groups [110,112,182,216,217], specific
binders, such as albumin-avid ibuprofen or proteins, such as albumin [218] have been
introduced into therapeutic antisense oligonucleotides. This approach can also help in
oligonucleotide drugs being averted from elimination from circulation and directed to
tissues, such as the muscle that have not been targeted effectively.

4.3. Controlling the Circulation in Vasculatures

PEGs are often used to avoid transfer to non-target tissues, such as capture by the
reticuloendothelial system, transfer to the lung due to embolization or interaction with
fibronectin, and transfer to the liver due to interaction with ApoE. However, a so-called
PEG dilemma exists for PEGylation [92], which also inhibits uptake by target cells and
endosomal escape. To circumvent this problem, the use of a PEG lipid, such as PEG-
ceramide, which can be detached in the body, is an effective method, as mentioned above.
However, it is only buying time to prevent its transfer to tissues, as plasma proteins are
thought to interact with it after PEG-ceramide is released in the body. Here, a vector
design that detaches the PEG moiety in the target tissue may be effective. For example,
a method that utilizes a matrix metalloproteinase expressed in cancer tissue has been
reported [93,94,219,220].

ABC phenomenon and presence of anti-PEG antibodies restrict repeated dosage of
PEGylated vectors [194,221-223]. To evade ABC phenomenon, hydrophilic polymers
polyvinylpyrrolidone [224], polyglycerol [225,226], and polysarcosine [227] might be useful
as alternatives to PEG.

4.4. Selection of Administration Route

The route of vector administration often determines the pharmacokinetics of the
vector, and the choice of the route of administration plays an important role in vector
development [228]. When administered intravenously, naked plasmid DNA undergoes
degradation in the blood and transfers to non-parenchymal cells of the liver, and rarely
results in gene expression [229]. However, gene expression is detectable when naked
plasmid DNA is injected topically into muscle, heart, liver, and kidney; and especially in
muscles, high gene expression can be achieved [230]. Intraarterial and intraportal injection
can change the first-pass organ, while the lung is a first-pass organ after intravenous in-
jection. Thus, selection of administration routes is effective in controlling bio-distribution.
Oral administration is an attractive route of administration for treatment, but gene delivery
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is difficult. Even with successful gene transfer, frequent administration is required for
epithelial cell turnover. On the other hand, intraperitoneal tissue surface administration
allows for efficient gene expression by simply dropping naked plasmid DNA onto the
tissue [231]. On the other hand, orally-available ASOs and siRNAs have long been antici-
pated and just emerged with decent preclinical and clinical data [232-235]. This advance
in this area ascribes to the aforementioned conjugation technology (e.g., GalNAc conjuga-
tion) of oligonucleotides and proprietary formulations containing intestinal permeation
enhancers. This orally available version of these drugs sees promise in the treatment of
chronic diseases as well as alternatives to antibody drugs with only an injection route
option. Regarding naked mRNA, the choice of intranodal route (injection to lymph node)
is promising for vaccine applications [236]. Transdermal delivery of nucleic acid and gene
medicines is usually very difficult since skin has a barrier function. To overcome the barrier,
microneedles are a good choice to deliver nucleic acids across the skin [237-239]. Thus,
selection of administration routes based on the aim of applications is important for the
successful delivery of nucleic acid and gene medicines.

4.5. Considering Structures of Vessel Wall

The reason for the heterogeneous distribution of non-viral vectors in the tissue after
they reach the target tissue is not well understood, but it is thought to be due to heterogene-
ity in blood flow and expression of receptors. Multiple doses may be helpful. For vascular
wall permeation, researchers should pay attention to not only reducing the particle size of
the vector, but also to increase the particle size after administration [63]. Again, PEGylation
is effective, but when the vascular structure is tight, such as at the blood-brain barrier,
vessel wall permeation is difficult to achieve with particle size control. One possibility
is to use the transcytotic activity of endothelial cells and use receptors that can cause
transcytosis. Such receptors include the transferrin receptor [240].

On the other hand, physical stimuli seem to breach the vessel wall and transfer plasmid
DNA into muscle cells when a large volume of plasmid DNA solution is administered into
the arteries connected to the muscle [241]. Other methods, such as those using microbubbles
or bubble liposomes combined with ultrasound irradiation and tissue suction, are also
thought to enable the permeation of the vessel wall [242-244].

4.6. Targeting Tissues/Cells

In terms of transfer to target cells, it is common to utilize receptors and antigens
present in the target cells. For example, sugar modification has been utilized to target
liver parenchyma cells with galactose and GalNAc, and non-parenchyma cells and antigen-
presenting cells with mannose modification [116-118,121-125,245-247]. The endocyto-
sis pathway appears to be dependent on non-viral vectors and cell types, with a large
contribution of clathrin-mediated endocytosis for lipoplexes and a large contribution of
caveolae-mediated endocytosis for PEI complexes [248,249]. Macropinocytosis is an im-
portant endocytosis pathway for octaarginine-modified non-viral vectors [250] and uptake
of naked plasmid DNA by mesothelial cells on the gastric surface [251]. Antibody- or
peptide-oligonucleotide conjugation is another strategy to facilitate targeting delivery of
therapeutic oligonucleotides, where the selection of appropriate cell surface receptors,
ligands, and chemistry to use for conjugation have been revealed to significantly influence
the outcome of the strategy and are not always successful. Additional ligand-receptor
combinations effective for the DDS of oligonucleotide drugs have eagerly been anticipated.

Arginine-rich cell penetrating peptides (CPPs) can enter cells via both direct transloca-
tion and endocytosis [252]. CPPs are used for the delivery of nucleic acids using chemical
conjugation and nanoparticles [253]. Combination of CPPs with targeting ligands is also
useful [254].

Some methods exist to open transient pores on the cell membrane by external stimuli.
The electroporation method is well known [255,256], but microbubbles and ultrasound
irradiation have also been reported to open such pores [257]. Other methods, such as
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hydrodynamics (the instantaneous administration of a large volume of plasmid DNA
solution), are also said to open transient pores [258] as well as rubbing gastric surface [259]
and calcium carbonate combination with naked plasmid DNA [260]. These methods are
characterized by the fact that they do not require endosomal escape to be considered and
very high gene transfer efficiency can be obtained.

It is known that blood vessels in tumor tissues are leaky [261]. It is possible to deliver
nanoparticles to tumors passively based on the enhanced permeability and retention (EPR)
effect [262,263]. However, the EPR effect seems to be weak in most tumors in humans [131].
It was reported that 30 nm polymeric micelles containing 1,2-diaminocyclohexane-platinum
(II) were effective for tumor delivery in a rodent model of human pancreatic cancer.
Therefore, small nanoparticles less than 50 nm might be preferable for human cancer
therapy. To reduce the size of LNP containing siRNA or mRNA, microfluidic devices
are often used [264,265]. However, a size too small seems to be inappropriate for effi-
cacy [264,265]. Reduction in particle size should decrease the amount of cargos per single
particle. The contrary effects of reducing size on delivery and efficacy are regarded as
“particle size dilemma” [266]. As other issues, tumor microenvironments such as stroma
components should be considered [267]. As stromal components, extracellular matrices
(ECMs) such as collagen fibers, and high interstitial pressure would restrict the diffusion of
nanoparticles in tumor tissues; then, the use of digestive enzymes such as collagenase and
hyaluronidase has been investigated to improve nanoparticle delivery and gene transfer
efficiency [268-271]. For active targeting to tumor, several ligands such as arginine-glycine-
aspartate (RGD) peptide [272], HER-2-targeting peptide [273] and hyaluronic acid [274]
have been used for nanoparticle delivery, and are promising for delivery of nucleic acid and
gene medicines [275,276]. Targeting tumor-associated macrophages (TAMs) in the tumor
microenvironment is also a useful strategy to combat tumors [277]. It was reported that the
combination of mannosylation of bubble lipoplexes and ultrasound irradiation effectively
delivered nuclear factor-«B decoy to TAMs, and prolonged survival in mice [278]. A com-
bination of several strategies, including ECM-degradation, active targeting and physical
stimuli, would be rational and effective to treat tumors [279-281].

4.7. Enhancing Endosomal Escape Efficiency

To achieve endosomal escape, it is common to use acidification. Among lipids, phos-
phatidylethanolamine, such as dioleoyl phosphatidylethanolamine (DOPE), fuses with the
endosomal membrane and shows high gene delivery efficiency in cultured cells, but in vivo,
it also fuses with erythrocytes, thereby reducing the efficiency [68]. PEI is considered to
have a high buffering capacity, and the proton sponge effect causes an influx of counter
ions, chloride ions, and endosome acidification, causing the endosome to swell and rup-
ture [282]. There are other ways for endosomal escape using the pH-sensitive fusogenic
peptide such as GALA (WEAALAEALAEALAEHLAEALAEALEALAA) [283]. The use
of inorganic salts, such as calcium phosphate, can also be helpful. Calcium phosphate
and calcium carbonate are expected to cause swelling by increasing the osmotic pressure
in the endosomes, owing to their acidification and dissolution. However, it is difficult to
control the particle size of inorganic salts. Lipid-calcium phosphate nanoparticles (LCP),
with a core composed of calcium phosphate and plasmid DNA, have been developed [38].
However, the manufacturing process is complex and difficult to reproduce.

4.8. Considering Intracellular Trafficking

Glutathione is abundant in the cytoplasm and can cleave disulfide bonds. In the LCP,
a cyclic CR8C peptide having a disulfide bond was used [38]. Other lipid-like molecules,
called ssPalm, are designed to have no charge at physiological pH and become positively
charged upon endosomal acidification, thus promoting endosomal escape and cleavage of
disulfide bonds in the cytoplasm to dissociate the encapsulated nucleic acids [79,99,154,284].

Some reports suggested that binding nuclear localization signals (NLSs) to dumbbell-
shaped DNA promotes nuclear transfer and results in high gene transfer efficiency [285],
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but this has not been replicated by other groups and no industrial production method for
such DNA has been established. Therefore, we believe that the use of cellular transcription
factors is a viable option. Attempts to utilize transcription factors that are active only in
certain cells and confer cell selectivity have also been reported [286,287]. Since chemical
conjugation to DNA might decrease gene expression, NLS-conjugation to carriers of DNA is
another option [288,289]. Tammam et al. reported that the moderate density of chemically
conjugated NLS peptide (CPKKKRKYV) with chitosan via SH-amine bond was effective to
deliver the large nanoparticles around 150 nm into the nuclei [288].

4.9. Improving Effective Duration

The duration of gene expression by non-viral vectors is generally transient. For exam-
ple, even with hydrodynamic methods, which allow for highly efficient gene transfer to
the liver, gene expression decreases by a factor of 10 for every day after administration [27].
On the other hand, intramuscular administration seems to result in relatively long-term
gene expression [26]. The cause of these differences is currently not well understood. Since
transcription factor activation, such as NF-kB and AP-1, is involved in gene expression in
a variety of ways [290-294], it is likely that the more the gene expression by the transient
activation of the transcriptional factors, the faster they decline. In a method that does not
rely on such pro-inflammatory events, that is, plasmid DNA that does not contain CpG
sequences, there is a prolongation of the gene expression period [295]. Other plasmid
DNAs containing the scaffold matrix attachment region (5/MAR) have been developed
for long-term gene expression, and combination with CpG-free is effective [244,296,297].
There has also been an attempt to actively utilize integration into the genome (integra-
tion) using the PiggyBac transposon and ®C31 integrase [298,299]. In addition, in vivo
genome editing using the CRISPR/Cas9 system delivered by a non-viral vector has been
reported [300].

Prolonged gene silencing or knockdown effects are obtained for therapeutic oligonu-
cleotides with a high nuclease resistance and protein binding ability [301]. The effect of
the current form of antisense oligonucleotides and siRNA drugs lasts for several months,
even with a single injection, and this duration can be further extended by ligand con-
jugation [302,303]. However, this long durability can also be associated with the above-
mentioned side effects. It has been observed that reduction in affinity with undefined
proteins by replacing chemistry used in the strand improved the therapeutic index [304].
Therefore, manipulating drug-protein interactions will be a key for this class of drugs with
an improved therapeutic index.

4.10. Safety Issues

Cytotoxicity and aggregation of erythrocytes can be avoided by modifying PEGs and
negative surface potentials. To avoid the proinflammatory cytokines, CpG-free vectors are
already available. There are many aspects of safety that are not well understood, and it is
important to evaluate various indices, such as hepatitis and renal function.

4.11. Helper Drugs

The use of drugs to modulate gene expression has also been reported [266]. The use
of doxorubicin is known to enhance foreign gene expression [305,306]. An antioxidant,
edaravone, also enhances foreign gene expression [307]. The role of reactive oxygen species
(ROS) in gene transfer is currently unclear. In case of hydrodynamics-based transfection,
ROS contributes to high gene expression in the liver [308]. Wang et al. reported that there
was an appropriate range of edaravone concentration, and significantly high concentration
diminished its enhancing effect [307].

5. Evaluation Methods

In the development of non-viral vectors, it is necessary to evaluate not only the
efficiency of gene transfer, but also the formulation characteristics, internal and cellular
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behavior, and safety [309]. We summarized methods for evaluation of nucleic acid and

gene medicines in Table 1.

Table 1. Evaluation methods for nucleic acid and gene medicines.

Processes/Properties

Methods

Note

Physicochemical properties

Particle size

Dynamic light scattering

Most popular
Necessity of solvent viscosity and
refractive index

Nano tracking analysis

Determination of the particle
concentration: possible

¢ potential Laser doppler electrophoresis Necessity of solvent viscosity, refractive
index and dielectric constant
Morphology Electron microscopy Cryo EM: preferable

Complexation/Encapsulation

Agarose gel retardation assay

Solution composition: to be considered

EtBr intercalation

Relatively low sensitivity

Picogreen/Ribogreen assay

Determination of encapsulation
efficiency: possible

In vivo fate

Interaction with blood components

Microscopy (phase contrast/ differential
interference contrast)

Aggregation/hemagglutination

Proteomics (LC-MS/MS)

Technique: required

Blood/tissue concentration Radioisotopes High sensitivity
Controlled area: necessary
Fluorescent labeling Non-RI

Multiplex: possible

Local disposition

Tissue perfusion system

Technique: required

Spatial distribution in tissues

Fluorescent labeling/fluorescent protein,
tissue clearing, confocal/
multi-photon/super-resolution
microscopy

Multiplex: possible
Relationship with biological events and
states: analyzable

Efficacy of oligonucleotide drugs

Ca?* enrichment in medium

Prediction of in vivo efficacy by in vitro
experiments

Gymnosis

Prediction of in vivo efficacy by in vitro
experiments

Gene expression

Reporter genes

Luciferase (Firefly, Renilla, Gaussia,
Synthetic), luminometer

Cost-effective, high sensitivity

Fluorescent protein
Fluorescent/confocal microscopy

Determination of positive cells and
spatial distribution

Therapeutic genes

Realtime PCR

More direct than reporter gene assay
Procedure: cumbersome

Cellular trafficking

Association/uptake

Fluorescent labeling

Separating association and uptake:
possible, but difficult

Endosome/lysosome/cytosolic
localization

Fluorescent probes (Lysotracker etc.)
Confocal/super-resolution microscopy

Resolution: important
Quantitation: possible, but difficult
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Table 1. Cont.

Processes/Properties Methods Note
Dissociation Different color labeling of nucleic Quantitation: possible, but difficult
acids/genes and carriers
Confocal/super-resolution microscopy
Autophagy Fluorescent probes (DAL green etc.) or Quantitation: possible, but difficult

anti-LC3 antibody
Confocal/super-resolution microscopy

Nuclear localization

Fluorescent labeling, nuclear stain (DAPI  Quantitation: possible, but difficult
etc.)
Confocal/super-resolution microscopy

Toxicity
Inflammation ELISA (serum cytokines) Kits: available
Plate reader
Hepatitis Serum AST and ALT, photometer Kits: available
Renal function Serum creatinine test, photometer Kits: available
Others Thin tissue section Procedure: cumbersome

Hematoxylin and eosin staining

5.1. Physicochemical Properties

Particle size and zeta potential are important in terms of formulation characteristics for
non-viral vectors. The viscosity of the solvent should also be considered as it determines the
Brownian motion as well as the particle size. Dynamic light scattering and nano-tracking
are often used to determine particle size, and electrophoretic light scattering is often used
to determine the zeta potential. For solvent viscosity, a rotational viscometer is suitable if
the solvent volume is available. An agarose gel electrophoresis retardation assay was used
to assess the formation of the complexes. For external accessibility of encapsulated DNA,
ethidium bromide intercalation assay is used. Scanning electron microscopy and trans-
mission electron microscopy are often used to evaluate vector structures. Other structural
characterizations are also performed by small-angle X-ray scattering.

5.2. Reporter Genes

Luciferases, such as firefly, are often used for quantitative evaluation of gene ex-
pression. The luminescence reaction by luciferase was measured using a luminometer,
and the sensitivity was very high. Although in vivo imaging in live mice is also possible,
the detection of luminescence produced from luciferase and luciferin is inefficient because
the wavelength is not within the range of the biological window. It is possible to use a
variety of substrates, such as Akalumine-HCI, which emit near-infrared light [310]. Firefly
luciferase is unstable in vivo and is suitable for monitoring gene expression over time.
This means that if researchers use a stable reporter gene; they will be able to measure
the amount of gene expression product rather than evaluating the gene expression itself.
Firefly luciferase, on the other hand, seems to be unsuitable as a secreted type from the
perspective of blood retention. Instead, Gaussia luciferase has better blood retention and is
easier to detect as a secreted type. Secreted alkaline phosphatase is used as a reporter gene
of the secreted type.

Fluorescent proteins are used to identify and detect gene expression-positive cells.
ZsGreenl is recommended as a green fluorescent protein because of its brightness. Among
red fluorescent proteins, tdTomato has high fluorescence, and 488 nm laser excitation
makes it suitable for use in flow cytometers, but not for multicolor observation in confocal
laser microscopy [311]. Typically, fluorescent proteins are observed either by isolating
cells, such as by collagenase perfusion, or by observing tissue sections. Because of the loss
of spatial information when observing tissue sections, the authors have focused on the
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recently developed technique of tissue optical clearing and have succeeded in visualizing
gene expression introduced by the hydrodynamic method and the spatial distribution of
administered plasmid DNA in tissue by combining tissue transparency and confocal laser
microscopy [311,312].

5.3. Biodistribution

Radiolabeling is the least troublesome method for the quantification of biodistribution.
For example, plasmid DNA 32p labeling and 0l labeling have been used [117,313].
Although non-RI quantification is also desirable, it is difficult to quantify with fluorescence
due to autofluorescence of biological components, long-wavelength fluorescence probes
such as Cy7 may be able to follow the internal dynamics. In terms of tissue distribution,
there is a method to observe live mice using a confocal laser microscope, but it is difficult
because of the requirement of high fluorescent dye density [314]. This problem can be
solved to some extent with the use of multiphoton microscopy [315].

In situ tissue perfusion system such as liver perfusion is useful to analyze local
disposition characteristics of drugs [316,317]. Tissue perfusion enables evaluation of the
role of interaction with blood component in local disposition characteristics [64]. Analyses
based on perfusion of other tissues such as brain [318], lung [319], kidney [320], muscle [321]
and tumor [322] are also possible, but the technics are relatively difficult compared with
liver perfusion.

5.4. Subcellular Localization

For tracking the subcellular distribution of non-viral vectors, fluorescence is suit-
able. For cultured cells, monolayer culture is less troublesome and allows for quantita-
tive analysis and evaluation of subcellular distribution along with visualization of endo-
somes, lysosomes, microtubules, and nuclei [323]. For three-dimensional cultures, such as
spheroids, quantitative analysis is difficult because fluorescence is harder to reach inside
the culture. For vectors administered to living organismes, it is possible to evaluate their
subcellular distribution by observing tissue sections or analyzing them three-dimensionally
using the tissue clearing described earlier, but even in this case, quantitative analysis
is difficult.

The size of nanoparticles used in non-viral vectors is smaller than the diffraction
limit of visible light, and accurate analysis of their intracellular behavior has traditionally
been limited to electron microscopy. However, the recent development of super-resolution
microscopy that exceeds the diffraction limit of visible light [324]; such technological
innovations are likely to provide new insights into the intracellular behavior of non-
viral vectors.

Endosomal escape efficiency is one of determinant factors of successful nucleic acid
and gene delivery; thus, quantitation of endosomal escape is an important issue. Recently,
Jiang et al. reported the quantitation method [325]. They have synthesized a molecular
probe based on deglycosylation-dependent renilla luciferase. The probe is a kind of prodrug,
and activatable in cytosol. Subsequently, they revealed the importance of endosomal
escape, not uptake, by screening polymer library to transfect mRNA. Such evaluation
methodologies can promote the development of effective nucleic acid and gene medicines.

Predicting in vivo efficacy and the safety of oligonucleotide drugs based on in vitro
screening has still been a major hurdle mainly due to the fact that the precise in vivo fate of
naked oligonucleotide drugs has not been fully elucidated; using a conventional in vitro
lipofection often causes false positives because it facilitates the entirely different uptake
mechanisms from the ones the naked drugs utilize in vivo [326]. A few alternative in vitro
transfection systems have so far been devised: (1) using an engineered murine primary
hepatocyte cell line [146], (2) gymnosis (=free-uptake) [327], (3) Ca?*-enrichment in medium
(CEM) transfection [328]. The gymnosis and CEM are both very powerful and easy-to-
access methodologies because they work on a variety of cell lines and oligonucleotides,
which are performed simply by adding oligonucleotides of interest in a culture medium.
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While the gymnotic method requires higher concentrations of the drugs (~ tM) and longer
waiting time (more than three days) under standard cell culture conditions before analysis,
the CEM requires a higher concentration of Ca?* (~9 mM) in a standard culture medium
to help form albumin aggregates, which stimulate the uptake and decrease the effective
concentration of oligonucleotides (nM to uM) as well as the waiting time (1 to 3 days).
The CEM method has been shown to exhibit better prediction of in vivo activity of ASOs
without cytotoxicity; suggesting that the CEM transfection method is useful not only for a
high-throughput screening of therapeutic oligonucleotides, but also to further study the
cellular uptake mechanisms and intracellular trafficking of naked oligonucleotides.

5.5. Toxicity

The quantification of inflammatory cytokines is essential to understand the safety
of non-viral vectors. There is also a high need to evaluate hepatitis, renal function,
and other factors.

6. Prospects and Conclusions

Since elemental technologies have been developed, their combination is effective to
design ideal delivery systems (Figures 4 and 5). For nucleic acid delivery, effective systems
have been developed as described above. We believe that the major unsolved problem in
non-viral gene delivery is heterogeneity. Taking the differences between mRNA and DNA
deliveries into consideration, the biggest issue in DNA delivery should be nuclear import.
Incorporation of NLSs into the LNP systems might be a useful strategy.

Targeting to the liver seems to be relatively easy, but the control of delivered cell
type(s) is required ideally. For targeting tumor, the regulation in size and utilization of
targeting ligand(s) are useful strategies. However, delivery to all cells in tumor (100% of
cells) is almost impossible. Therefore, the combination of nucleic acid and gene medicines
with immune checkpoint inhibitors is promising to treat tumor. There are other methods
of delivery to other tissues such as the brain, but the development of technology that can
target a wider range of cell types is expected. For targeting other tissues, the major problem
is the structure of blood vessels. Small molecules can be delivered to other tissues such as
the kidney and bones [329,330]. However, gene delivery to these tissues should be more
difficult. A combination with physical stimuli is an attractive option to target other tissues
such as the kidney, peritoneum, heart, and muscle [244,297,331-334].

About duration, efficacy of stable ASOs are long-lasting (several months) [335,336].
Duration of LNP containing siRNA or mRNA is relatively short (several days to weeks) [337,338];
thus, a more frequent dosage than chemically modified stable ASOs is required for LNP.
In addition, a transient expression from mRNA-LNP would be suitable to vaccine ap-
plication [339]. The duration of most non-viral gene delivery systems is yet shorter
(several weeks) [340,341] than that of adeno-associated viral vectors (several months to
years) [342,343]. However, the presence of neutralizing antibodies against adeno-associated
viral vectors [344] clearly indicates the necessity of the development of non-viral vectors.

The toxicity issues should restrict the clinical use of non-viral vectors. The dilemma
of toxicity and effectiveness of transfection is known, and several attempts have been
made to resolve the dilemma [345,346]. A possible solution for the toxicity issues is local
administration. Another option is with the use of helper drugs such as edaravone to
decrease toxicity [307].

The tissue environment differs depending on the disease state. For example, loss of
fenestrae on sinusoidal endothelium should be considered for liver targeting in fibrotic
condition [347,348]. Since ONPATTRO uses ApoE for liver delivery [349], it might be
ineffective in ApoE deficient patients [350]. It was reported that kidney conditions af-
fected the disposition of drugs [351,352]. In fact, uremic toxin indoxyl sulfate activates
macrophages [353,354]. In addition, the role of albumin interaction with lipoplexes is
different in healthy and hepatitis mice [73], and sonoporation effectively transfers plasmid
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DNA in peritoneal fibrotic site, while linear PEI fails to transfer [355]. These indicate the
necessity of considering disease state for delivery of nucleic acid and gene medicines.

Adding too many functions to delivery systems complicates the formulation of them;
therefore, it is important to develop simple production methods. Peng et al. have devel-
oped the one-step preparation method of lipid-coated multiple drug-containing calcium
carbonate nanoparticles based on ethanol injection [272,356]. Such simple preparation
methods are expected for GMP-grade production of nucleic acid and gene medicines.

In conclusion, the development of nucleic acid/oligonucleotide and gene delivery
systems is a cycle of rational design of vectors based on known information, evaluation of
their formulation characteristics and intra- and intracellular behavior, and further improve-
ment. Therefore, it is necessary to establish evaluation methods as well as to develop the
vectors themselves. There are many issues such as transfer efficiency, duration, safety, and
ethics. We hope that this review will provide useful information for the development of
delivery systems.
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