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Nonviral Gene Therapy 
From Bench to the Clinic 
R. I. Mahato, M. P. Fons, A. Rolland 

I Why Nonviral Gene Therapy? 

The body contains a plethora of proteins \\-hose 
absence or overproduction can lead to a \*ariet!l of 
clinical manifestdtions depending on the structural 

or functional role that the proteins 

+ normally play in the body 111. Cene 
therapy is a method for the prevel~. 

A growing interest in gene therapy is evi- tion. correction or n ~ ~ d ~ l a t i ~ ~  of 
dent from the rate of appearanceof new genetic and acquired diseases that 
publications and media coverage aver uses genes to pro\.ide the patientns 

the past few yeors. Since  he first clinical lrial sornatic cells with the genetic 
in gene therapy in 1990 to treat severe information necessaly to produce 
combined immunodeficiency, more than 325 specific therapeutic proteins. The use 
additional gene therapy clinical trials have of plasmid-based gene medicines is 
been initiated worldwide for more than 2,500 intended to ow-come the limitations 
patients. Some 242 of  here humon gene associated with the clinical use of 
therapy clinical trials are taking place in the protein drugs. including their IO\V 
u.s.A., focussing mainly on the  ireatmen1 of bioavailabilit!.. Poor pharmacokinet- 

cancer (1421, AIDS (231 and fibrosis ~ C S .  chemical instability and relative 

(1 6). Some 18% of these studies use nonviral high In gene 
means of transfection. Professor Thomas has the unique ability to affect the 
Kissers remarks at  he 25th CRS Annual intracellular distribution of the 

Meeting in Las Vegas, os vtell as the increasing expressed protein in defined com- 
partments (e.g.. mitochondria or cell numbers of abstracts on gene therapy, clearly 
membranes) and to direct antigens 

indicate tho1 ihe issue of improving gene to a specific pathway (3IHC class I or 
delivery and expression is becoming one of class 11) in order to modulate a pre- 
the most important themes to the scientists ferred immune 
of this society. to viral vectors. gene medicines pre- 

sent several potential ad\rantages. 

. A including: lo\\. cost. non-infectivity 
absence of immunogenicity. good 

compliance. and possibility o i  repeated clinical 
administration 121. 
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Gene Expression Systems 

.-\ gene tnedicirle contains three components: a 
tlierapeutic gene that encodes a specific therapeutic 
protein: a plasmid-based gene espression system 
that controls the functioning oi  a gene \\.itliin a 
target cell, and a gene d e l i \ w ~  system that controls 
the clcli\.cry oi the plasmid espression system to 
spcciiic locations \cithin the body. X gene espression 
systc~n contains a plasmid backbone, gerie(s1 and 
genetic elements 131. The gene espression system 
can he engineered to control \tahether the resulting 

protein will remain within the cell for an intracellu- 
lar effect or will be secreted out of the cell for either 
a local or systemic action. The gene espression 
system can also be adjusted to control the level of 
protein production, as well as the fidelity and 
duration of gene espression (Figure 1) 141. 

I Gene Delivery Systems 

One of the major challenges in effective gene deliv- 
ery resides in the ability to circumvent numerous 
barriers that a plasmid will encounter from its 
administration site to the nucleus of the target cell. 
These include: ( i )  rapid DNA degradation in blood or 
tissues by nuclease; ( i i )  limited dispersion of DNA in 
interstitial or intracellular spaces; ( i i i )  inability of 
DNA to cross intact basement membranes of the 
endothelium or epithelium; (iv) inefficient uptake by 
target cells; and (v) poor translocation of DNA across 
periplasmic or nuclear membrane 151. Each 
biological target will require a unique combination 
of delivery elements to o\lercome these key-limiting 
steps in the overall gene transfer in L:~L~o. 

Gene delivery systems are designed to control the 
location of a gene within the body by affecting the 
distribution and access of a gene expression system 
to the target cell and/or recognition by a cell-specific 
receptor followed by intracellular trafficking and 
nuclear translocation. To date a number of gene 
delively systems have been developed, including 
lipids, polymers, peptides, and lipopeptides [G-16). 
Some special devices, such as microinjection, elec- 
troporation and particle bombardment, have also 
been developed for introducing genes to specific 
targets 117, 18). Among them, cationic lipid-based 
systems have reached the clinic and are the most 
\\*idely investigated for gene delive~y to the endothe- 
lium, puln~onary epithelium and tumor cells. Gene 
delivery and espression are affected by the route of 
administration, the biological target, the lipidlplas- 
mid charge ratio, cationic lipid/co-lipid molar ratio, 
liposome size. methods of formulation and the 
amount of DNA 16-81. For site-specific gene deliven 
'polymers and peptides, such as poly(L-lysine), 
histone, protarnine, polyethyleneimine (PEI). 
dendrimers and lipopeptides, are linked to a cell- 
specific ligand, then bound to plasmid ilia electrosta- 
tic interactions. The resulting compleses retain their 
ability to interact specifically with target cell 



receptors 113, 15, 191. Hotvever, no clinical study 
using cationic polymers or peptides has been 
reported to date. 

In order to search for optimal delivery systems and 
methods, research will continue to address several 
rate-limiting steps, such as cellular uptake, release 
from endosomes, dissociation of the DN.4 from the 
delivety carrier in the cytoplasm or nucleus (depen- 
dent upon delivery system) and nuclear uptake. 

Clinical Trials 

Gene therapy clinical trials aim at ans\\.ering the 
crucial questions related to the safety and efficacy of 
a gene therapy product. TO date approsimately 12 
clinical trials have reported data on human subjects 
treated with nonviral gene therapy. Nost of these 
studies use cationic lipidlplasmid compleses as a 
delivery system, the remainder use unformulated 
plasmid in saline (so-called 'naked DNS). 

Direct intratumoral injection of lipid/plasmid com- 
plexes has been reported in a number of studies. 
Nabel et al. [20, 211 reported expression of the gene 
encoding a foreign major histocompatibility 
complex protein, HLA-B7, in melanoma patients 
receiving cationic lipid (DblRlE:DOPE)/plasmid 
compleses. Positive biological and therapeutic 
responses were observed as indicated by an increase 
in HLA-B7 specific CTL activity and regression of 
melanoma nodules. Rubin et  al. I221 employed the 
same cationic lipid-based system (DMR1E:DOPE) 
containing the combination of the HL4-07 gene 
and p-microglobulin (Allo\.ectin-7, Vical Inc., San 
Diego) for the immunotherapy of hepatic metas- 
tases of colorectal carcinoma. The HL4-07 protein 
was detected in 5 out of 8 patients by immunohisto- 
chemistry and 7 out of 14 patients by fluorescence- 
activated cell sorting analysis. In a phase I1 clinical 

trial, treatment of nie~anbma patients with 
IipidIHLA-B7 expression plasmid complexes resulted 
in disease stabilization in 6 out of 38 patients and 
partial tumor regression in 2 patients. In addition, 
intraturnoral administration of cationic lipid/lL-2 
expression plasmid complexes resulted in clinical 
benefit in 4 out of 14 renal cell carcinoma patients 
123). In a different clinical trial. positive biological 
response \$'as also reported in 3 out of 3 cancer 
patients receiving intratumoral injection of cationic 
lipid (DC-Chol) formulated with ElA gene expres- 
sion construct (Targeted Genetics Corporation, 
Seattle). In a follow-up study, 11 out of 16 patients 
had either stable disease or tumor regression after 
intratumoral injection of the cationic IipidlElA 
gene complex [24j. 

Cationic lipidlplasmid compleses were used to 
deliver the cystic fibrosis transmembrane conduc- 
tance (CFTR) gene to the nasal epithelium of cystic 
fibrosis patients [25]. Partial restoration of chloride 
conductance \tlas observed in 2 out of 9 patients, 
suggesting a positive pharmacological response. 
Brigham et  al. [26] demonstrated expression of 
human a-antitrypsin (A4T) and significant decrease 
in interleukin-8 (IL-8) levels in the treated nostril 
of all five patients after nasal administration of 
cationic lipid system (DOTbW:DOPE)/AAT plasmid 
complexes. This anti-inflammatory effect was not 
observed after systemic administration of the 
purified hAAT protein (ProlastinT"), even though 
physiologic concentrations and nasal lavage (BAL) 
concentrations of AAT \sere achieved. This points 
out the potential advantage of gene therapy 
approach over the use of protein drugs, and the pos- 
sibility of generating a new quality of pharmacologi- 
cal response by expression of a protein at  the 
desired location for a sustained period of time. 

In a recent Phase I vaccination trial 1271, intramus- 
cular injection of 'naked DNA' produced a good 
cellular immune response to malaria antigen in 20 
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volunteers. Intramuscular injection of 'naked 
DNA' encoding vascular endothelial gro\t.th 
factor (VEGF) resulted in gene espression and 
therapeutic benefit in 7 out  of 9 patients 14th 
peripheral limb ischemia, as measured by 
increased peripheral circulation 1781. 

Commercial Challenges 

Fundamental commercial challenges facing 
gene medicines as they proceed to the market 
!\.ill be to provide therapeutic benefit within 
the confines of an acceptable safety profile. 
blajor advances in genetics and the ability to 
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clllllrl~l g1.11~ 
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research, development and capital espenditures. 
Furthermore. numerous patents are being issued 
that cover the broad concepts of technology 
(Figure 2) ,  which can inhi-bit the development of 
new technologies that are directly applicable to a 
product [29]. 

Gene medicines are still in an earls phase oi clinical 
development and there are currently no marketed 
gene therapy products. Each therapeutic product 
containing a particular gene \\.ill likely be regulated 
as a separate biological product. depending on its 
intended use and the Food and Drug -4dniinistration 
(FDA) policies in effect at such time. Regulato~y 
requirements for gene therapy are constantl!. 
evolving and being updated [30]. 

Perspectives 

Although espression of various therapeutic genes 
have been demonstrated in animal models. human 
clinical trials have not met all the expectations to 
date, with still few individual cases of success. \\7th 

Molecular Weight (Do) 

the enthusiasm to proce'ed to clinical trials, basic 
studies have not always been given adequate 
attention. Major difficulties include shortcomings in 
most current gene delivery systems, inadequate 
understanding of the biological interaction with the 
host and poor intracellular trafficking of DNA 
plasmid (311. improvements in gene expression 
systems are also needed to increase the promoter 
activity and mRNA stability, while maintaining a 
safety profile, which avoids integration or homolo- 
gous recombination. 

Despite early setbacks, there is no doubt that gene 
medicines, which present the potential to be the 
most potent therapeutic molecules (Figure 31, \\.ill 
eventually be used as pharmaceuticals. At this 
crucial juncture, \Ire must manage risk through 
teamwork and cross-disciplinary efforts at inno\%- 
tion [32]. The innovation comes in an environment 
where scientific freedom is held sacred and thus 
scientists should be given the full intellectual 
freedom they could enjoy in a corporate setting 
(331. Because of scarce resources and tough compe- 
tition, gene therapy companies must focus their 
efforts on projects \\iith the greatest chance of 
scientific, medical and commercial success. 

References 
1. Tomlinson, E. (1992) 1. Phorm. Phormocol. 44 (suppi. I): 147-159. 
2. Moho10 el 01. (1997) Phorm. Res. 14: 853-859. 
3. Rollond, A (1998) Oil. Rev. Ther. Drug Corrier Sysl. IS: 143.198. 
4. Alilo el 01. (1997) Hum. Gene Ther. 8: 1785-1795. 
5. Ledley, ID. ond Ledley, T.S. (1998) Adv. Drug Del. Rev. 30: 133.150. 
6. Freimork el 01. (1998) J. Immunol. 16: 168-171. 
7. Deshponde et 01. (1998) Phorm. Res. 15 (Issue 91. 
0. Mohoto et 01. (1 9981 Hum. Gene Ther. 9 Ilrsue 14). 
9. Mumper el 01. (1998) 1. Control. Rel. 52: 191.203. 
10. Anwer el 01. (19981 Hum. Gene Ther. 9: 659-670. 
11. Kobanov et 01. (1991) Biopolymers 31: 1437.1443. 
12. Hoensler ond Szoko (1993) Bioconjugote them. 4: 372-379. 
13. Tomlinson ond Rollond (1 996) J.tonlrol Rel. 39: 357-372. 
14. Duguid el 01. (1998) liophpicol J. 74: 2802-2814. 
IS. Gotischolk el 01. (1996) Gene Ther. 3: 448-457. 
16. Wogner et 01. (1 992) Proc. Notl. Acod. Sd. USA 89: 7934.7938. 
17. Rols el 01. (1  998) Noture Biolechnol. 16: 168.171. 

Mohvi el 01. (1 997) Immunol. Cell 8ioI. 75: 456-460. 
Kircheis el 01. (1996) Gene h r .  4: 409-418. 
Nobel el 01. (1994) Hum. Gene Ther. 5: 1089-1094. 
Nobel el 01. (1996) Proc. Noll. Arod. Sci. 93: 15388-15393. 
Rubin el 01. (1997) Gene Ther. 4: 419-425. 
Ycol Press Releose, 5/18/98. 
Murroy, J.L (1998) Proceedings of Americon Society of Clinicol Onrology 
Meeling, Lor Angeles. 
(oplen el d., (19951 Nolure Med. 1: 39.46. 
Brigham, K. (1998) Proceedings 01  he Americon Thorotic Society Annuol 
Meeling, April 28. 

'Vicol Press Releose, 4/30/98. 
Boumgorlner et ol. (1  998) tirculotion 97: 11 14.1 123. 
Boaort, J. ond Peorson, 8. (1995) Trends Bio~echnol. 8: 361-369. 
Morlin, P.A. ond Thomas, S.M. (1  998) Hum. Gene Ther. 9: 87.1 14. 
Xu and Sloko (1996) Biochemislry 35: 5616-5623. 
Tomlinson, E. (1998) Noture Bio~echnol. I 6  (Suppl.): 48.49. 
Levinson. A.D. (19981 Noture Biotechnol. I 6  (Suppl.): 45.46. A 


