Editorial

Nonviral gene delivery system

Gene therapy has been investigated a lot in both basic research
and clinical trials." The first antisense oligodeoxyribonucleotide
(ODN) drug, Vitravene (Fomivirsen), was approved by the
United States Food and Drug Administration (FDA) in 2005."
After this approval, more and more clinical trials are conducted,
not only for ODNs, but also for other nucleic acids drugs, such
as plasmid vectors and small interference RNAs (siRNAs).

However, delivery efficiency is a big barrier for the clinical
application of gene drugs. It is necessary to overcome their large
molecular weight, large size, and negative charge. Nuclease-
mediated degradation is also an issue, decreasing the performance
of gene drugs. Currently, there are two major categories of
methods for gene delivery, viral vectors and nonviral carriers. Viral
vectors have higher delivery efficiency than nonviral carriers;
whereas nonviral carriers are less toxic and immunogenic.
Another important feature for the nonviral delivery system is that
they offer delivery on genes with various sizes, which facilitates
the potential application of oligonucleotides, such as antisense
ODN s and siRNAs.

A nonviral delivery system is a strategy of utilizing natural or
synthetic compounds to formulate gene drugs. Cationic lipids
are the most commonly used gene delivery agents so far. Cationic
lipids are usually used to form lipid/nucleic acid lipoplexes or
cationic liposomes to encapsulate nucleic acids. The application
of cationic lipids in gene delivery has been almost 25 years
since 1987. N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethlyl
ammonium chloride (DOTMA) was firstly used to deliver both
DNA and RNA in mouse, rat, and human cell lines.”’ However,
many other cationic lipids did not show high efficiency in vivo,
such as 3B-[N-(N',N’-dimethylaminoethane)-carbamoyl]
cholesterol (DC-Chol) and 1,2-dimyristyloxypropyl-3-dimethyl-
hydroxy ethyl ammonium bromide (DMRIE). Fortunately, more
and more novel cationic lipids are synthesized and studied. It
was reported recently that stable nucleic acid/novel cationic
lipid particles (SNALPs) can inhibit hepatitis B virus (HBV)
replication in mice after systemic administration.! Another group
also successfully encapsulated ApoB-specific siRNAsin SNALPs.
These SNALPs were injected intravenously to cynomolgus
monkeys and showed significant silencing on ApoB mRNA."!
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Cationic lipids can also be utilized to formulate cationic liposomes
to deliver nucleotides. Pyridinium lipids formulated cationic
liposomes were used to deliver genes to silence TGF-31 mRNA,
and successfully increased transfection efficiency for both
siRNAs and plasmids in vitro.' Targeting ligands can also been
conjugated to cationic liposomes to enhance their transfection
ability. It was observed that hepatic fibrosis in rats was almost
cured after administrating complexes of vitamin-A-coupled
liposomes and anti-gp46 siRNA."!

Another important nucleic acid delivery agents are cationic
polymers, including polyethyleneimine (PEI),® poly(L-lysine)
(PLL)," poly(amidoamine) (PAMAM) dendrimer,!"
polyallylamine,"’ and methacrylate/methacrylamide polymers."”
Compared to cantionic lipids, polymeric carriers usually have

lower toxicity, but also less transfection efficiency.

PEIs with either a branched or a linear form are the most
frequently used cationic polymer. These polymers have a broad
molecular range from less than 1 kDa to 1.6 X 10° kDa. However,
the practical molecular weight range for PEIs applied in gene
delivery is from 5 to 25 kDa, because high molecular weight
PEIs is much more cytotoxic to the cells and bodies than low

1316 To overcome the toxicity, many strategies

molecular weight.!
were employed. In 2003, low molecular weight PEIs (800 Da)
were coupled together to form 14-30 kDa PEIs, which remain
essentially nontoxic but with higher transfection efficiency.!'”)
Other strategies to reduce the toxicity are synthesizing graft
copolymers with PEI and linear poly(ethylene glycol) (PEG).!"8!")
Actually, PEI-g-PEG block copolymers could not only reduce

the toxicity, but also reduce the diameter of final complexes."’

Dendrimers belong to a specific category of cationic polymers.
Their unique architecture is similar to branches in the trees, and
gives dendrimers’ various distinctive properties, such as enhanced
viscosity in solution and enlarged surface area, which can
significantly increase the loading of nucleic acids in complexes.
Polyamidoamine (PAMAM) dendrimers are studied a lot recently
because of their good water solubility and nontoxicity. The
ODN-PAMAM dendrimer complexes showed good silencing
effects with very little cytotoxicity in D5 mouse melanoma and
Rat2 embryonal fibroblast cell lines, compared to Lipofectamine
and DEAE dextran complexes.””” Besides good delivery efficiency
on ODNs, dendrimers also showed excellent performance on
siRNA delivery.?"

Nevertheless, the toxicity of most cationic lipids and polymers
limits their clinical applications. Therefore, bioconjugation
of nucleic acids to nonionic carriers also plays an important
role in current research. The attempt of conjugating
ODNs to asialoglycoprotein (ASGP) by sulfosuccinimidyl
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6-[3’-(pyridyldithio)propionamido]hexanoate (sulfo-LC-
SPDP) showed efficient delivery.”” However, it will disturb the
bioability of gene drugs if nucleic acids are directly conjugated
to the carriers. To solve this issue, carbohydrate or amino acid
clusters were usually applied as spacing units. GFLG linkers,
a lysosomally degradable tetrapeptide, were used as spacers in
a study published in 2009.” Yang et al. conjugated ODNs to
M6P-GFLG-HPMA-GFLG-ONP and showed great delivery
efficiency. Hepatic accumulation of conjugated ODNs almost
reached 80% of the total injected dose, compared to only 45%
for free ODNs.” For siRNA conjugation, applicable carriers
are usually including cholesterol? and PEG.* It is different
from ODN delivery that the site for siRNA conjugation is very
critical. The 3’- or 5’-terminus of the sense strand is generally
used for conjugation, because it is necessary to keep the binding
ability of the sense strand of siRNA to target mRNA strand.*!

Nonviral gene delivery systems showed less toxicity and
immunogenicity, compared to viral vectors. However, transfection
efficiency of nonviral carriers is orders of magnitude lower than
viral vectors. Therefore, only 24% of clinical trials conducted so
far employed nonviral methods, whereas 67% were using viral
vectors (http://www.wiley.com/legacy/wileychi/genmed/clinical/).
Fortunately, intensive studies have been done to identify pivotal
factors to improve gene delivery by nonviral carriers.””l We hope
more and more nonviral delivery systems can be employed in
clinical trials in recent future.

Ningning Yang

Department of Pharmaceutical Sciences,
Manchester University College of Pharmacy, 10627 Diebold Road,
Fort Wayne, IN 46845, USA

Address for correspondence:

Dr. Ningning Yang,

Department of Pharmaceutical Sciences, Manchester University
College of Pharmacy, 10627 Diebold Road,

Fort Wayne, IN 46805, USA.

E-mail: nyang@manchester.edu

REFERENCES

1. OrrRM.Technology evaluation: Fomivirsen, Isis Pharmaceuticals
Inc/CIBA vision. Curr Opin Mol Ther 2001;3:288-94.

2. Marwick C. First "antisense" drug will treat CMV retinitis. JAMA
1998;280:871.

3. Felgner PL, Gadek TR, Holm M, Roman R, Chan HW, Wenz M,
et al. Lipofection: A highly efficient, lipid-mediated DNA-
transfection procedure. Proc Natl Acad Sci USA1987;84:7413-7.

4. Morrissey DV, Lockridge JA, Shaw L, Blanchard K, Jensen K,
Breen W, et al. Potent and persistent in vivo anti-HBV activity of
chemically modified siRNAs. Nat Biotechnol 2005;23:1002-7.

5.  Zimmermann TS, Lee AC, Akinc A, Bramlage B, Bumcrot D,
Fedoruk MN, et al. RNAi-mediated gene silencing in non-human
primates. Nature 2006;441:111-4.

6. ChengK, Yang N, Mahato RI. TGF-1 gene silencing for treating
liver fibrosis. Mol Pharm 2009;6:772-9.

7. Sato Y, Murase K, Kato J, Kobune M, Sato T, Kawano Y, et al.
Resolution of liver cirrhosis using vitamin A-coupled liposomes
to deliver siRNA against a collagen-specific chaperone. Nat
Biotechnol 2008;26:431-42.

8. Godbey WT, Wu KK, Mikos AG. Poly(ethylenimine) and its role

in gene delivery. J Control Release 1999;60:149-60.

9. Wagner E, Ogris M, Zauner W. Polylysine-based transfection
systems utilizing receptor-mediated delivery. Adv Drug Deliv
Rev 1998;30:97-113.

10. Haensler J, Szoka FC Jr. Polyamidoamine cascade polymers
mediate efficient transfection of cells in culture. Bioconjug Chem
1993;4:372-9.

11. Boussif O, Delair T, Brua C, Veron L, Pavirani A, Kolbe HV.
Synthesis of polyallylamine derivatives and their use as
gene transfer vectors in vitro. Bioconjug Chem 1999;10:877-83.

12. van de Wetering P, Moret EE, Schuurmans-Nieuwenbroek NM,
van Steenbergen MJ, Hennink WE. Structure-activity relationships
of water-soluble cationic methacrylate/methacrylamide polymers
for nonviral gene delivery. Bioconjug Chem 1999;10:589-97.

13. Fischer D, Li Y, Ahlemeyer B, Krieglstein J, Kissel T. in vitro
cytotoxicity testing of polycations: Influence of polymer structure
on cell viability and hemolysis. Biomaterials 2003;24:1121-31.

14. Fischer D, Bieber T, Li Y, Elsadsser HP, Kissel T. A novel non-viral
vector for DNA delivery based on low molecular weight, branched
polyethylenimine: Effect of molecular weight on transfection
efficiency and cytotoxicity. Pharm Res 1999;16:1273-9.

15. Funhoff AM, van Nostrum CF, Koning GA, Schuurmans-
Nieuwenbroek NM, Crommelin DJ, Hennink WE. Endosomal
escape of polymeric gene delivery complexes is not always
enhanced by polymers buffering at low pH. Biomacromolecules
2004;5:32-9.

16. Godbey WT, Barry MA, Saggau P, Wu KK, Mikos AG.
Poly(ethylenimine)-mediated transfection: A new paradigm for
gene delivery. J Biomed Mater Res 2000;51:321-8.

17. Forrest ML, KoerberdT, PackDW. A degradable polyethylenimine
derivative with low toxicity for highly efficient gene delivery.
Bioconjug Chem 2003;14:934-40.

18. Vinogradov SV, BronichTK, Kabanov AV. Self-assembly
of  polyamine-poly(ethylene  glycol)  copolymers  with
phosphorothioate oligonucleotides. Bioconjug Chem
1998;9:805-12.

19. Petersen H, Fechner PM, Martin AL, Kunath K, Stolnik S,
Roberts CJ, et al. Polyethylenimine-graft-poly(ethylene glycol)
copolymers: Influence of copolymer block structure on DNA
complexation and biological activities as gene delivery system.
Bioconjug Chem 2002;13:845-54.

20. Bielinska A, Kukowska-Latallo JF, Johnson J, Tomalia DA, Baker
JR Jr. Regulation of in vitro gene expression using antisense
oligonucleotides or antisense expression plasmids transfected
using starburst PAMAM dendrimers. Nucleic Acids Res
1996;24:2176-82.

21. Zhou J, Wu J, Hafdi N, Behr JP, Erbacher P, Peng L. PAMAM
dendrimers for efficient siRNA delivery and potent gene
silencing. Chem Commun (Camb) 2006. p. 2362-4.

22. Rajur SB, Roth CM, Morgan JR, Yarmush ML. Covalent protein-
oligonucleotide conjugates for efficient delivery of antisense
molecules. Bioconjug Chem 1997;8:935-40.

23. YangN, Ye Z, Li F, Mahato RI. HPMA polymer-based site-specific
delivery of oligonucleotides to hepatic stellate cells. Bioconjug
Chem 2009;20:213-21.

24. Soutschek J, Akinc A, Bramlage B, Charisse K, Constien R,
Donoghue M, et al. Therapeutic silencing of an endogenous
gene by systemic administration of modified siRNAs. Nature
2004;432:173-8.

25. Dohmen C, Frohlich T, Lachelt U, Rohl |, Vornlocher HP,
Hadwiger P, et al. Defined Folate-PEG-siRNA conjugates for
receptor-specific gene silencing. Mol Ther Nucl Acids 2012;1:e7.

26. Jeong JH, Mok H, Oh YK, Park TG. siRNA conjugate delivery
systems. Bioconjug Chem 2009;20:5-14.

27. Zhang S, Zhao Y, Zhi D, Zhang S. Non-viral vectors for the
mediation of RNAI. Bioorg Chem 2012;40:10-8.

How to cite this article: Yang N. Nonviral gene delivery system.

Int J Pharma Investig 2012;2:97-8.

98 International Journal of Pharmaceutical Investigation | July 2012 | Vol 2 | Issue 3





