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Many different cationic lipid-based formulations are currentlyGene Transfer In Vitro and In Vivo by
commercially available for in vitro gene transfer. In the last

Cationic Lipids Is Not Significantly ten years, the efficiency of gene transfer by cationic lipids has
increased 3 orders of magnitude (4). Consequently, lipofectionAffected by Levels of Supercoiling of
has become a standard technique in the molecular biology

a Reporter Plasmid laboratory. Furthermore, cationic lipid based gene delivery
approaches are currently being tested in the clinic as gene
therapy agents (3,5–9).

In spite of these advances, there is a limited understandingDanielle Bergan,1 Todd Galbraith,1 and
of the basic mechanisms of gene transfer by cationic lipids.David L. Sloane1,2

Recent work has focused on the cellular mechanisms involved
in transfection (10). The primary route of entry of the lipid-DNA

Received March 8, 2000; accepted April 18, 2000 complex appears to be endocytosis, followed by an inefficient
disaggregation of the lipid-DNA complexes and transport ofPurpose. It is a common preconception that supercoiled plasmid DNA
the DNA into the nucleus. It is reasonable to expect the smallest,is more desirable for the transfection of cells that the relaxed form of
most compact particles to be more efficient at entry, sincethe plasmid. This notion has led to the recommendation that a specifica-
endocytosis is involved.tion for the minimum amount of plasmid in the supercoiled form should

exist in a gene therapy product. We have tested this notion by examining It would follow logically that supercoiled DNA is more
the effects of the degree of supercoiling on cationic lipid-mediated desirable for the transfection of cells than the relaxed form of
gene transfer in vitro and in vivo. the plasmid. Furthermore, in the production of gene therapy
Methods. An ion-exchange high performance liquid chromatography plasmid-based drugs, a specification for the minimum amount
(HPLC) method was developed to accurately quantitate the relative of plasmid product in the supercoiled form is recommended
amounts of supercoiled DNA in purified plasmid. A sample of the by the regulatory agencies (11,12). While several studies appear
purified plasmid was fully relaxed using topoisomerase. Next, the

to be consistent with the notion that supercoiled plasmidability of various levels of supercoiled plasmid to transfect mammalian
transfects cells better, it is difficult to separate the effects ofcells was measured.
particle size from other factors, such as salt concentration, pHResults. This study suggests that there is no relation between the degree
and electrostatic effects (13–15). Arguments have also beenof supercoiling and lipofection efficiency. Subsequent transfection

using several different lipofection agents, different cell types, and an made against a specification for high levels of supercoiled
in vivo model support these results. plasmid, since the plasmid is likely to be “nicked” and relaxed
Conclusions. In considering a specification for the amount of during the transport of the plasmid into the nucleus, regardless
supercoiled plasmid in a gene therapy product, it must be noted that of the level of input supercoils (16). No direct comparison of the
the relaxed forms of the plasmid are no less efficient at gene delivery lipid-mediated transfection activities of relaxed and supercoiled
than the supercoiled forms. plasmid has been done previously. The goal of this work was
KEY WORDS: cationic lipids; transfection; DNA supercoiling; to directly compare the transfection activities of supercoiled
HPLC; lipofection; gene therapy. and relaxed DNA complexed with cationic lipids in order to

characterize the requirement for supercoiling in cellular trans-
INTRODUCTION fection. We have found no difference in the ability of

supercoiled and relaxed DNA to transfect a variety of cells usingThe ability to efficiently transfer genes into cells has made
an array of cationic lipid transfection reagents. Supercoiled andthe prospect of gene therapy possible. Gene transfer methods
relaxed DNA are equally active in transfection both in vitrocurrently being developed can be broadly divided into viral and
and in vivo.non-viral approaches (1). Viral systems can be highly efficient

at gene delivery; however, limitations including viral tropism,
viral titer, immunogenicity, difficulty of large-scale production,

MATERIALS AND METHODSand regulatory constraints can complicate their application (2).
Non-viral techniques have generated an intense amount of work

Plasmid Constructiondue to the possibility of avoiding the constraints of the viral
approach. One of the more successful non-viral approaches is

The plasmid pCMV-InLuc was constructed from pGL3-the cationic lipid-based delivery system (3). Since the develop-
Basic (Promega, Madison, WI), which contains a modifiedment of the first cationic lipid carrier, many cationic lipids have
firefly luciferase gene and pCMVb (Clontech, Palo Alto, CA),been synthesized and cationic lipid-based formulations have
which contains the immediate early promoter/enhancer of CMV,been optimized for both in vitro and in vivo gene transfer.
an intron and polyadenylation site from SV40, a bacterial origin
of replication from pUC and the b-lactamase gene encoding
ampicillin resistance. Standard molecular techniques (17) were1 Targeted Genetics Corporation, Seattle, Washington 98110. used in the construction. Both pCMVb and pGL3-Basic were2 To whom correspondence should be addressed at Targeted Genetics
digested with SmaI and SalI. The plasmid pCMVb was furtherCorporation, 1100 Olive Way, Suite 100, Seattle, Washington 98110.
digested with EcoRI to facilitate agarose gel purification of the(e-mail: sloaned@targen.com)
3682 base pair SmaI/SalI fragment. The 3682 base pair fragmentABBREVIATIONS: HPLC, high performance liquid chromatogra-
from pCMVb, and the 1982 base pair fragment from pGL3-phy; DC-chol, 3b[N,N8,N8-dimethylaminoethane)-carbamoyl]choles-

terol); DOPE, 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine). Basic were isolated by agarose gel electrophoresis and ligated
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together. The ligation reactions were used to transform compe- in the media appropriate for each cell type (see below) at
378C. Mixtures of supercoiled and relaxed pCMV-InLuc weretent DH5a bacteria (Gibco/BRL, Gaithersberg, MD) Positive

transformants were identified by restriction digestion of plasmid prepared to achieve desired percentages of supercoiling. Lipid
was resuspended and added to the DNA in the formulationmini-preps. A positive clone was isolated, plasmid purified

by a Qiagen Endo-free kit (Qiagen, Chatsworth, CA) and the ratio of lipid to DNA specific for each lipid (see below). The
complete media was replaced with serum-free media and thejunctions of the construct were confirmed by sequencing.
desired dose of formulation added. Doses of pCMV-InLuc

Plasmid HPLC Analysis between 0.05 and 0.25 mg in a total volume of 0.25 ml were
used to transfect the cells, each performed in triplicate. TheseThe column used was a TSK-GEL DNA-NPR, 4.6 mm
doses were chosen to be submaximal, i.e., they resulted in levels3 7.5 cm, 2.5 mm (Toso-Haas, Montgomeryville, PA). A guard
of expression that were less that the maximum level that cancolumn was also used (TSK-GEL, DEAE-NPR, 4.6 mm 3 5.0
be achieved. The cells were transfected for 4–5 hours, then themm, 5.0 mm, Toso-Haas). TRIZMA base and NaCl were from
transfection media was replaced with complete media.Sigma. Water was purified on a Milli-Q system (Millipore,

Cells were harvested 48 hours after transfection. Each wellBedford, MA). The HPLC system was a Waters 626LC, with
was aspirated and rinsed once with 500 ml of PBS. 100 ml ofa Waters 717plus autosampler (Waters, Milford, MA). Column
1X lysis buffer (Promega) was added and used to harvest theflow was monitored continuously with a Waters 996 photodiode
cells into microcentrifuge tubes. The lysates were flash-frozenarray detector outfitted with an 8 ml flow-cell. The pumps were
and thawed three times, then spun in a microcentrifuge at 16,000controlled and the data were collected and analyzed by Waters
3 g for 10 minutes. The supernatant was then assayed forMillennium 2010 software. Both the column and the autosam-
luciferase expression using an EG&G Berthold Autolumat LBpler were operated at ambient temperature. The column was
953 luminometer (EG&G Instruments, Oak Ridge, TN). Proteinequilibrated in 0.56 M NaCl, 50 mM Tris, pH 9.0. After loading
concentrations in the lysate were determined by a Bradfordthe plasmid on the column, the column was developed with a
assay (Pierce, Rockford, IL). The luciferase activity was nor-linear gradient of 0.56 M to 1.2 M NaCl in 50 mM Tris, pH
malized to extracted protein amounts. Data were plotted using9.0 over approximately ten column volumes at a flow rate of
DeltaGraph 4.0 (DeltaPoint, Monterey, CA) on a Macintosh0.5 ml/min.
computer.

Topoisomerase Reaction
Lipofection Ratios

Plasmid DNA was relaxed with topoisomerase I (Gibco/
BRL) to generate a sample of completely relaxed plasmid. Mixtures of lipofection agents and pCMV-InLuc (0% and
Initially, a time course of the topoisomerase reaction was per- 100% supercoiled) were prepared in different formulations,
formed to determine conditions which result in the complete as follows:
relaxation of the plasmid. The relaxation was done in a 1 ml

Lipofectamine (Gibco BRL) 7:1 lipid:DNA (nmol:mg)reaction, containing 350 mg pCMV-InLuc, 10 mM Tris-HCl,
10 mM MgCl2, 50 mM NaCl, 1 mM dithioerythritol, and 700 pFX-6 (Invitrogen, San Diego, CA) 6:1 lipid:DNA
units of topoisomerase I (one unit catalyzes the conversion of

Cellfectin (GibcoBRL) 6:1 lipid:DNA0.5 mg superhelical fX174 RF DNA to a relaxed state in 30
minutes at 378C). Aliquots of 50 ml were removed at 0, 5, 10, Lipofectin (GibcoBRL) 6:1 lipid:DNA
20, 30, and 60 minutes. The reaction at each time point was

DC-chol/DOPE (Targeted Genetics) 10:1 lipid:DNAquenched by adding 0.1% SDS and placing on ice. Samples
were then analyzed by agarose gel electrophoresis. Gels con- The composition of each transfection reagent, where
sisted of 1% agarose in TBE buffer (Tris-borate, EDTA). Each known is: Lipofectamine, DOSPA/DOPE (3:1 w/w, DOSPA
lane was loaded with 0.5 mg plasmid (by A260). The gel was is 2,3-dioleyloxy-N-[2(spermine-carboxamido)ethyl]-N,N,di-
then electrophoresed at 100 volts for 2 hours. After electropho- methyl-1-propanaminiumtrifluoroacetate. DOPE is 1,2-dio-
resis, the plasmid was visualized by staining the gel with ethid- leoyl-sn-glycero-3-phosphatidylethanolamine), Cellfectin, TM-
ium bromide. TPS/DOPE (1:1.5, w/w, TM-TPS is N,N8, N9, N--tetramethyl-

For generating relaxed plasmid standard, 200 mg of plas- N,N8,N9,N--tetrapalmitylspermine), Lipofectin, DOTMA/
mid was treated with 500 units of topoisomerase at 378C for DOPE (1:1, w/w, DOTMA is N-[1-(2, 3-dioleyloxy)propyl]-
one hour, in the buffer described above. After one hour, the N,N,N-trimethylammonium chloride), DC-chol/DOPE (1:1,
reaction was extracted once with phenol, once with a 1:1 mixture w/w, DC-chol is 3b[N,N8,N8-dimethylaminoethane-
of phenol:chloroform, and once with chloroform. Finally, the carbamoyl]cholesterol).
plasmid DNA was precipitated with isopropanol, dried, and
resuspended in 400 ml TE buffer (10 mM Tris, pH 8.0, 1 mM

Cell Culture ConditionsEDTA). The removal of topoisomerase activity was confirmed
by incubating supercoiled pCMV-InLuc with the relaxed stan- All media were from Bio-Whittaker (Walkersville, MD).
dard and finding no loss of supercoil from the input supercoiled FBS is fetal bovine serum (Hyclone, Logan, UT). PSG is 5000
plasmid (not shown). U/ml penicillin, 5 mg/ml streptomycin, 0.2 M glutamine. Sev-

eral cell types were grown under the following conditions:
In Vitro Transfection

HeLa: DMEM, 10% FBS, 1% PSG, at 10% CO2Cells were seeded at 5–8 3 104 cells/well in a flat bottom,
48 well plate (Costar, Cambridge, MA) and grown overnight CHO-3: DMEM/F12, 10% FBS, 1% PSG, at 10% CO2
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SKOV-3: DMEM/F12, 10% FBS, 1% PSG, at 10% CO2

MCF-7: RPMI, 10% FBS, 1% PSG, at 5% CO2

293-1: DMEM/F12, 10% FBS, 1% PSG, at 5% CO2

In Vivo Transfection

MCA-205 cells were grown in culture in DMEM, 10%
FBS, 1% PSG, 10% CO2 at 378C. Cells were harvested from
subconfluent plates and resuspended at a concentration of 1 3
107 cells/ml. 100 ml (1 3 106 cells) were injected sub-cutane-
ously into each flank of C57/B16 mice. Tumors were allowed
to grow for 12 days. Plasmid pCMV-InLuc (25 mg), either
relaxed or supercoiled, was formulated with 25 nmole DC-
chol/DOPE and directly injected into the tumors. After 16 hours,
tumors were biopsied, snap-frozen and analyzed for luciferase
expression in the same way as the in vitro transfectants (see
above).

RESULTS

HPLC Analysis of Relaxed and Supercoiled Plasmid

The standard assay for percent supercoiled plasmid is an
agarose gel electrophoresis-based assay. However, relaxed and
supercoiled plasmid could take up different amounts of dye,
skewing the quantitation of the relative intensities of the relaxed
and supercoiled forms of the plasmid. Therefore, we developed
an HPLC-based method for the quantitation of supercoiled and
relaxed plasmid. By agarose gel, plasmid purified by the Qiagen
Endo-free kit appears as two bands, a rapidly migrating, intense
band and a slower migrating, faint band (Fig. 1A). When this
plasmid is treated with topoisomerase, the more rapidly migrat-
ing band is progressively reduced in intensity and slower migrat-
ing bands, consistent with more relaxed topoisomers of the
plasmid, appear. For subsequent experiments, a reaction time
of one hour was used, to completely relax the plasmid.

When the purified plasmid, predominantly composed of
the fully supercoiled form, was analysed by HPLC, as described
in Materials and Methods, a large peak eluted from the column
approximately one minute after a smaller peak (Fig. 1B, top
panel). The two peaks are sufficiently resolved to allow integra-
tion of each. The larger peak comprised 99% of the material
absorbing UV at 260 nm. A third peak elutes after the largest

Fig. 1. Analysis of supercoiled and relaxed plasmid. Plasmid pCMV-peak. This peak may represent multimer forms of the plasmid,
InLuc was treated with topoisomerase for one hour, as described inhowever this has not been confirmed. Other preparations of
Materials and Methods. The topoisomerase was removed from the

plasmid, with varying amounts of this peak also contain varying reaction by phenol extraction and the completely relaxed plasmid mixed
amounts of multimer plasmid, as judged by agarose gels (not with fully supercoiled plasmid. Each sample was analysed on A) a 1%
shown). We confirmed that the larger peak is supercoiled plas- agarose gel and B) HPLC as described in Materials and Methods. On
mid and the smaller peak is the relaxed form by completely the agarose gel photograph, the percentage of “fully” supercoiled added
relaxing the plasmid with topoisomerase. This fully relaxed to the “fully” relaxed plasmid, by volume, is indicated above each lane

of the gel. The labels on the HPLC chromatograms indicate the actualplasmid eluted with a retention time identical to the smaller
percentages of each of these mixtures as calculated from the integrationpeak in the previous chromatogram (Figure 1B, bottom panel).
of the peak areas. The chromatogram for the “25% supercoiled” mixtureSubsequently, mixtures of the fully relaxed and the predomi-
is not shown.nantly supercoiled plasmid resulted in peaks corresponding to

the amounts predicted by the mixing ratios (Fig. 1B, middle
panels). We concluded that our pCMV-InLuc, purified by the
Qiagen Endo-free kit consisted of 99% fully supercoiled
plasmid.
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Transfection of SKOV-3 Cells—Amount of Supercoiled
Plasmid

We measured transfection efficiency of SKOV-3 cells with
pCMV-InLuc to find a range of concentrations of plasmid which
give a linear dose-activity response, when using DC-cholesterol/
DOPE as the transfection reagent. We found that 0.5 mg per
well on a 48-well plate was a saturating amount of plasmid
(not shown). Next, we used sub-saturating concentrations (0.05,
0.1 and 0.25 mg per well) to analyze the effect of different
ratios of supercoiled and relaxed plasmid. We mixed supercoiled
and fully relaxed plasmid to give ratios of supercoiled to relaxed
plasmid of 0:1, 1:3, 1:1, 3:1, and 1:0. Each mixture was tested
in triplicate transfections. The ratios of supercoiled and relaxed
plasmid were confirmed by HPLC (not shown). We found very
similar levels of activity at each plasmid concentration, regard-
less of the amounts of supercoiled or relaxed plasmid in the
transfection (Fig. 2).

Transfection of SKOV-3 Cells—Different Lipids and
Amount of Supercoiled Plasmid

We next asked if the amount of supercoiled plasmid
affected the SKOV -3 cell transfection activity of various lipid-
based transfection reagents. We tested a total of five transfection
reagents, Lipofectamine (DOSPA/DOPE, GibcoBRL), pFX-6

Fig. 3. Transfection by various cationic lipids. SKOV-3 cells were(PerFect Lipid/DOPE, Invitrogen), Cellfectin (TM-TPS/
transfected with 0.05, 0.1, and 0.25 mg/well of either fully relaxedDOPE), Lipofectin (DOTMA/DOPE, GibcoBRL), and DC-
(grey bars) or fully supercoiled (black bars) plasmid pCMV-InLucchol/DOPE (Targeted Genetics). The ratios of each lipid to
using Lipofectamine, pFX-6, Cellfectin, Lipofectin, or DC-chol/DOPE
as described in Materials and Methods. In this experiment, only the
0.25 mg/well amount was used for DC-chol/DOPE, as the complete
range was used in previous experiments (see Figure 2). Each transfec-
tion was done in triplicate. Error bars represent 6 S.D.

plasmid were set according to the manufacturers’ protocols.
For each lipid, we used the amount of plasmid previously
determined to be sub-optimal for DC-chol/DOPE. Using DC-
chol/DOPE (above), we saw the transfection activity to be
independent of the proportion of supercoiled plasmid in the
transfection mixture. Therefore, we chose to compare only com-
pletely relaxed and predominantly supercoiled plasmid to com-
pare the effect of supercoiling on different lipids. With varying
levels of absolute activity, we found no difference in the trans-
fection activities of completely relaxed and supercoiled plas-
mids when using any of the lipids tested (Fig. 3).

Transfection of Different Cell Types

We tested a panel of five different mammalian cell types.
Using DC-chol/DOPE as the transfection agent, we compared
the transfection activity of completely relaxed and predomi-
nantly supercoiled plasmid at sub-saturating levels (Fig. 4). The

Fig. 2. Transfection of SKOV-3 cells by various ratios of relaxed and cell types we tested were, HeLa (human cervical carcinoma),
supercoiled plasmid. Plasmid pCMV-InLuc was relaxed with topoisom-

SKOV-3 (human ovarian carcinoma), MCF-7 (human breast car-
erase, mixed with fully supercoiled plasmid, and used to transfect

cinoma), CHO-3 (chinese hamster ovary cells) and 293-1 (trans-
SKOV-3 cells, as described in Materials and Methods. At each ratio of

formed human embryonal kidney cells). While there was arelaxed and supercoiled plasmid, three amounts of plasmid (0.05, 0.1,
range in total transfection activity seen, there was no differenceand 0.25 mg/well) were used, demonstrating that the amount used was
in the transfection activity of completely relaxed and predomi-sub-maximal for transfection. All transfections were done in triplicate.

Error bars represent 6 S.D. nantly supercoiled plasmid in these various cell types.
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lipids (Figure 3) and in the transfection abilities of different
cells (Fig. 4); however, no difference could be attributed to the
supercoiled nature of the plasmid.

There is an important difference between the relaxed plas-
mid that we have analyzed here and that which is likely to
appear in purified plasmid samples. The plasmid which has been
enzymatically relaxed by topoisomerase would be covalently
closed open circular DNA. Topoisomerase relaxes plasmid by
repeatedly hydrolyzing and re-ligating one strand of the DNA.
In the absence of an exogenous energy source, the torsional
strength of the supercoiled plasmid is the only energy present
in the system. Therefore, the reaction proceeds until the plasmid
is completely relaxed, resulting in covalently closed open circles
(18). In a purified plasmid sample, a portion of the relaxed
plasmid would be nicked (i.e., not covalently closed), by either
mechanical shearing or chemical cleavage of the plasmid during
the purification process. This nicked DNA may be less active
in transfection than the relaxed DNA we have used in this
study; however, we have demonstrated that the supercoiling of
the plasmid itself has no effect on the transfection activity.

In other studies, the superhelical density of DNA appears
to have an effect on its transcriptional activity (19,20). This
suggests the possibility that in our study the plasmid entry is

Fig. 4. Transfection of various cell types: DC-chol/DOPE and 0.05,
more efficient for relaxed DNA, yet the transcription is more0.1, or 0.25 mg/well of plasmid pCMV-InLuc was used to transfect
active for supercoiled DNA. Therefore, in the examples inthe indicated cell lines, as described in Materials and Methods. Plasmid
which completely relaxed DNA is used, a greater number ofwas either fully relaxed (grey bars) or fully supercoiled (black bars).
molecules may be entering the cells, resulting in the observedAll transfections were done in triplicate. Error bars represent 6 S.D.
luciferase activity. In the predominantly supercoiled transfec-
tions, a smaller number of molecules may enter the cell, yet
these are transcriptionally more active. In order for this to be
the case, there would have to be a linear inverse correlation

Transfection of Tumors In Vivo

We next used a mouse tumor model to ask if the amount
of supercoiled plasmid had an effect on the transfection activity
of tumors in vivo. Mice (C57/B16) were injected subcutane-
ously with MCA-205 (mouse melanoma) cells. Tumors were
allowed to grow for 12 days, at which point they were palpable.
Completely relaxed, predominantly supercoiled, and a mixture
of 33:67 (supercoiled:relaxed) plasmid were formulated with
DC-chol/DOPE in a 1:1 (nmole lipid:mg DNA) ratio. These
formulations were then directly injected into the tumors. After
allowing adequate time for expression (16 hours), the tumors
were excised and analysed for luciferase activity. By a paired
t-test analysis, we saw no significant difference in the amount
of luciferase activity when comparing the completely relaxed
to the predominantly supercoiled plasmid (p , 0.015). Fur-
thermore, by a separate paired t-test analysis, no significant
difference was seen when comparing the completely relaxed
to the mixture of relaxed and supercoiled plasmid (p , 0.05)
(Fig. 5).

DISCUSSION Fig. 5. Box plot representation of in vivo gene delivery. DC-chol/
DOPE and the indicated ratios of relaxed and supercoiled pCMV-InLucWe have measured the transfection activity of relaxed and
was used to directly inject subcutaneously implanted MCA-205 tumorssupercoiled plasmid using several lipofection agents and cell
in C57/B16 mice, as described in Materials and Methods. The indicatedtypes, in vitro and in vivo. Under the experimental conditions
numbers of tumors (n) were used at each relaxed/supercoiled ratio.

tested, we found no difference between the transfection activity Data were analyzed on a Macintosh computer, using DeltaGraph 4.0.
of fully supercoiled and fully relaxed plasmid DNA. Therefore, In the plot, the top line of the box represents the top quartile of the
whether the plasmid is fully relaxed or supercoiled has little data, the bottom line represents the bottom quartile, and the middle
effect on the formation of active lipid-DNA complexes. Differ- line represents the median of the data. Whiskers on the top and bottom

of the boxes extend from the 10th to the 90th percentile.ences were seen in the transfection activities of the different
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6. G. J. Nabel, D. Gordon, D. K. Bishop, B. J. Nickoloff, Z. Y.between the more efficient entry of relaxed plasmid and the
Yang, A. Aruga, M. J. Cameron, E. G. Nabel, and A. E. Chang.greater transfection activity of supercoiled plasmid. This
Immune response in human melanoma after transfer of an alloge-

remains a formal possibility, however, it seems unlikely since neic class I major histocompatibility complex gene with DNA-
no effect was seen in the various cell types and with the various liposome complexes. Proc. Natl. Acad. Sci. USA 93:15388–

15393 (1996).transfection reagents that we tested. Further work, with labeled
7. P. L. Felgner, Y. J. Tsai, L. Sukhu, C. J. Wheeler, M. Manthorpe,DNA, needs to be done to address this possibility.

J. Marshall, and S. H. Cheng. Improved cationic lipid formulationsPrevious work with bacteria (21,22) and in mammalian for in vivo gene therapy. Ann. NY Acad. Sci. 772:126–139
cells by the formation of an HMG1-DNA complex (23), have (1995).

8. J. Rubin, M. E. Galanis, H. C. Pitot, R. L. Richardson, P. A.also shown no effect of supercoils on gene transfer. We have
Burch, J. W. Charboneau, C. C. Reading, B. D. Lewis, S. Stahl,extended these findings here to cationic lipid-based transfec-
E. T. Akporiaye, and D. T. Harris. Phase I study of immunotherapytions and to an in vivo gene delivery system. The binding of
of hepatic metastases of colorectal carcinoma by direct gene

the cationic lipid to the plasmid results in the formation of a transfer of an allogeneic histocompatibility antigen, HLA-B7.
lipoplex. This lipoplex may contain single, or multiple copies Gene Therapy 4:419–425 (1997).

9. A. T. Stopeck, E. M. Hersh, E. T. Akporiaye, D. T. Harris, T.of the plasmid. A variety of structures have been observed for
Grogan, E. Unger, J. Warneke, S. F. Schluter, and S. Stahl. Phasethe lipoplex (13,24–29), and no structure has been identified
I study of direct gene transfer of an allogeneic histocompatibilityto be more active in transfection than others. From the results antigen, HLA-B7, in patients with metastatic melanoma. J. Clin.

of the study presented here, there appears to be little structural Oncol. 15:341–349 (1997).
constraint on the topological state of the plasmid in forming 10. J. Zabner, A. J. Fasbender, T. Moninger, K. A. Poellinger, and

M. J. Welsh. Cellular and molecular barriers to gene transfer byan active lipoplex.
a cationic lipid. J. Biol. Chem. 270:18997–19007 (1995).No clear correlation has been demonstrated between trans-

11. US Food and Drug Administration. Addendum to The Points tofection activity in vitro and in vivo. In vitro studies have not
Consider in Human Somatic Cell and Gene Therapy, US Food

always been predictive of in vivo gene delivery results. There- and Drug Administration, Rockville, MD, USA, 1996.
fore, we extended our in vitro results to an in vivo tumor model. 12. US Food and Drug Administration. Points to Consider on Plasmid

DNA Vaccines for Preventive Infections Disease Indications, USWe found that by direct injections, with a DC-chol/DOPE-
Food and Drug Administration, Rockville, MD, USA, 1996.plasmid complex, no significant differences were found

13. S. J. Eastman, C. Seigel, J. Tousignant, A. E. Smith, S. H. Cheng,between supercoiled and relaxed DNA. For gene therapeutic
and R. K. Scheule. Biophysical characterization of cationic lipid:

applications, it has been a common goal to specify a high DNA complexes. Biochim. Biophys. Acta 1325:41–62 (1997).
amount of supercoiled plasmid in the drug formulation 14. C. Kawaura, A. Noguchi, T. Furuno, and M. Nakanishi. Atomic
(11,12,30). While the supercoiled amount is still an important force microscopy for studying gene transfection mediated by

cationic liposomes with a cationic cholesterol derivative. FEBSstability indicator, we see no reason to regard a plasmid sample
Lett. 421:69–72 (1998).with a greater percentage of supercoiled plasmid as being more

15. N. J. Zuidam and Y. Barenholz. Electrostatic and structural proper-active. Changes in the supercoil amount over time are a valuable ties of complexes involving plasmid DNA and cationic lipids
indicator of progressive DNA damage. Therefore, careful quan- commonly used for gene delivery. Biochim. Biophys. Acta
titation and monitoring of the supercoiled amounts must be 1368:115–128 (1998).

16. D. M. F. Prazeres, G. N. M. Ferrreira, G. A. Monteira, C. L.done for a plasmid drug. However, optimizing conditions for
Cooney, and J. M. S. Cabral. Large-scale production of pharma-limiting these changes is more important than maximizing the
ceutical-grade plasmid DNA for gene therapy: Problems and bot-amount of supercoiled plasmid in the drug product. tlenecks. Trends Biotechnol. 17:169–174 (1999).

17. J. Sambrook, E. F. Fritsch, and T. Maniatis. Molecular Cloning, A
Laboratory Manual, 2nd edition, Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, NY, 1989.
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