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Abstract

To design better delivery systems that enhance transfection efficiency of nonviral vectors, we need to improve our un-
derstanding of the mechanisms governing both the amounts of plasmid delivered to the nucleus and gene expression. What
is needed is a measure of transcriptional availability (TA): the average level of gene expression per plasmid delivered to
the nucleus over the course of an experiment. We describe a method to measure TA and demonstrate its application. The
chloramphenicol acetyltransferase reporter gene was transfected into NIH/3T3 cells using either cationic liposomes (TFL-3;
0,0'-ditetradecanoyN-(a-trimethylammonioacetyl) diethanolamine chloride (DC-6-14), dioleoylphosphatidylethanolamine
(DOPE) and cholesterol, molar ratio 1/0.75/0.75) or cationic polymer (PEI; polyethylenimine). The time courses of both nuclear
delivery of plasmids and reporter gene expression were measured for 4 h thereafter. For the conditions used, time courses of gene
expression and plasmid nuclear delivery for the two vectors were different. To understand the origins of those differences, we
applied a simple pharmacokinetic model, used the data to estimate the values of the model parameters, and interpret differences
in estimated parameter values. The rate constant of delivery of plasmids into the nucleus for the TFL-3 vector was twice that
of the PEI vector, whereas rate constant of elimination of plasmids in the nucleus for the PEI vector was four times that for the
TFL-3 vector. The gene expression rate constant for the TFL-3 vector was estimated to be seven times larger than that of the
PEI vector for the conditions used. The pharmacokinetically determined average exposure of a nucleus to plasmid was about 17
times larger for the TFL-3 vector, relative to the PEI vector. That greater exposure resulted in increased relative gene expression.
Overall, the TA from the TFL-3 vector was about 13 times greater than from the PEI vector. The experimental design combined
with the adoption of pharmacokinetic concepts and principles provide a method to measure TA along with detailed insights into
the mechanisms governing gene delivery and expression.
© 2003 Elsevier B.V. All rights reserved.
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dling, and suitability for large-scale production. Their guantitatively assess both plasmid delivery into the nu-
main shortcoming, relative to viral vectors, is low cleus and gene expression. We recently reported using
transfection efficiency. To enable enhancements in both PCR and Southern analysis to quantify gene ex-
gene expression efficiency, it is essential to improve pression in AH130 cells (a rat ascites hepatoma line)
our understanding of the intracellular controlling following plasmid transfection using cationic lipo-
mechanismsTachibana et al., 2001 somes {achibana et al., 2002aMNe also described the
Expression of a plasmid DNA is preconditioned on quantitative relationships between delivered plasmid
cellular delivery followed by translocation into the nu- and a measure of gene expression efficiency. Some
cleus. The nuclear membrane is believed to be one of of the results demonstrated a lack of proportionality
the more important barriers to nonviral gene delivery between gene expression and the measured amount of
(Zabner et al., 1995; Pollard et al., 1998; Escriou et al., plasmid delivered into the nucleus. The relationship
1998. Itis therefore not surprising that itis commonly  between these two events appeared nonlinear and time
hypothesized that if one delivers more plasmids to the dependent. Consequently, the relationship between
nucleus, then gene expression will correspondingly these two events cannot be established by a single
increase. To test that hypothesis, it is necessary to measurement. A deeper understating requires a kinetic
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Fig. 1. Time course for plasmid delivery into the nucleus and for gene expression in NIH/3T3 cells (a murine embryo fibroblast cell line)
following transfection mediated by cationic polymer (A) and cationic liposomes (B).Recombinant plasmids, pGEM/SV2CAT, were used as
previously describedTachibana et al., 2002aThe plasmid—PEI complexes (800 kDa, Fluka, France) were prepared as described previously
(Boussif et al., 1996 To determine the optimal ratio of PEI nitrogen to plasmid DNA phosphate (N/P ratio), cells were transfected using
five N/P ratios: 1.5, 3, 6, 9, and 18, and efficiency measured. In our experiments, an N/P ratio of 6 was the best, and so it was that ratio that
we used throughout the other experiments.Cationic liposomes (TFL-3; DC-6-14/DOPE/cholesterol in the molar ratio 1/0.75/08, 2.5

lipid per ml) were prepared as described previouslik(chi et al., 1999. The ratio of plasmid to cationic liposome is 12.5 (nmgt?).

Ten micrograms of plasmid were transfected t§ @lls in 5ml of fresh serum-free culture OPTI-MEM medium (Invitrogen Co., CA,
USA). After incubation for 4h, the medium was replaced with DMEM (Nissui Pharmaceutical Co., Tokyo, Japan) supplemented with
10% heat-inactivated fetal calf serum, and the cells were incubated further. After incubation, cells were washed with phosphate-buffered
saline and subdivided for measurements of CAT activity and intranuclear plasmid. Measurements of CAT activity (in CAT units) followed

a standard proceduré&@mbrook et al., 19§9the CAT unit is pmol of acetylated chloramphenicol per milligram protein per hour. The
protocols for preparation of the nuclear fraction and for quantification of intranuclear plasmids by Southern analysis were the same as
those described previouslyfgchibana et al., 2002aThe results shown are typical of those obtained from three independent experiments.
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analysis of these events, and that is what this report the PEI vector (24 h versus 12 h). Maximal plasmid
provides. delivery for the two vectors, as measured by plasmid
With the above hypothesis in mind, we designed copies per nucleus, differed by a factor of 7: 3059
and executed new experiments. We followed the kinet- and 434 for the TFL-3 and PEI vectors, respectively.
ics of gene delivery and expression in NIH/3T3 cells Clearly, delivery efficiency cannot be determined
following transfection of a reporter gene using either using measurements made at a single time point.
cationic liposomes (TFL-3) or the cationic polymer Having an adequate estimate of the amount of plas-
polyethylenimine (PEI). Plasmid delivery to the nu- mid in the nucleus is essential for this research. Does
cleus was measured as before using Southern analysiextranuclear plasmid contribute significantly to the
(Tachibana et al., 2002aThe time course of nuclear values measured? To address this contamination ques-
delivery and gene expression was measured for eachtion, we added microgram of plasmid to the cell ex-
vector. The kinetics of these events were then analyzedtract from which the nuclei were isolated, and then
to estimate the efficiencies of plasmid delivery to the conducted a Southern analysis. We detected an aver-
nucleus and gene expression. age of 10.7 copies of plasmid per nucleus. Because
The time course of the two processes, presented inthe nonviral vectors deliver thousands of copies per
Fig. 1, was strikingly different for each of the two vec- nucleus, the observed level of contamination does not
tors. For the PEI vector, gene expression, measuredsignificantly impact our results.
by CAT (chloramphenicol acetyltransferase) units, = The model inScheme 1can reasonably account
peaked at 24-h post-transfection. Whereas, nuclearfor the measured events ifig. 1 To keep the model
delivery of plasmids within these same cells peaked at simple, we elected to represent each process as be-
12-h post-transfection. The pattern of events was quite ing a reaction that is controlled by either a zero or
different for the cationic liposome vector (hereafter a first-order rate constant. The processes of plasmid
referred to as the TFL-3 vector). The expected peak delivery and gene expression are thought to be con-
in gene expression did not occur during the 60-h ex- trolled by factors other than effective plasmid concen-
periment. However, plasmid nuclear delivery did peak tration, and are consistent with delivery of plasmid
at 24 h. Plasmid delivery by the TFL-3 relative to the into the nucleusky,c) and gene expressiokefp) be-
PEI vector was higher at all sampling times. Further- ing zero-order processes. Two major mechanisms of
more, the duration of nuclear delivery, as measured nuclear transport of plasmid are considered, one via
by peak time, for the TFL-3 vector was twice that of the nuclear pore complex (NP@pllard et al., 1998;

Nuclear transport of
plasmids

Gene Expression

Scheme 1. Pharmacokinetic model of nuclear transport of plasmids and gene expression. White arrows represent an apparent zero-order
process; gray arrows represent an apparent first-order process. The dotted arrow represents gene transcription, not a transport process

Each process is controlled by one of four system average rate constaptss for plasmid delivery into the nucleukeyp is for gene
expressionkn.e is for elimination of plasmid in the nucleus; akge is for decrease of expression.
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Colin et al., 2000, 2001Dean et al., 1999a)band the only about 20% of the PEI vector value. These values
other occurring during mitosisVortimer et al., 1999; strongly suggest that plasmids delivered by the TFL-3
Tseng et al., 1999; Brunner et al., 2000; Escriou et al., vector are transferred to the nuclei faster and they re-
2007). Dean et al. (1999a,lBnd Colin et al. (2001) main there longer than their PEI vector counterparts.
report that plasmid DNA itself or plasmid DNA inthe  The rate constant for gene expressikgy, from the
presence of cationic polymer, are translocated to the TFL-3 vector was about seven times larger than that
nucleus via the NPC. In the case of transport via NPC, for PEI vector. The rate constant governing decrease
it is known that cytosolic transport factors such as Im- of expressionk.e;, was measurable for the PEI vec-
portin /B are necessaryjrfamoto, 200D Gene ex- tor, but not for the TFL-3 vector. In the latter case it
pression becomes saturated when an excess amount ofould not be estimated because gene expression from
plasmids is delivered to the nucleugathibana et al.,  the TFL-3 vector was increasing until 60 h.
20023. A plausible explanation of this phenomenon These data fail to shed light on the form(s) of the
is that limited amounts of transcription factors be- plasmid that is involved in intracellular trafficking,
come exhausted. Their observations suggest that thethe plasmid alone, the plasmid—polycation complex,
two processes should be represented as being zero orer some combination thereof. Furthermore, the actual
der. Our preliminary computer simulations (data not rate-determining process that is represented by the rate
shown) supported that position, and so that is how we constant irScheme ¥emains unknown. However, we
represent them. can identify four possibilities: (1) cellular uptake, (2)
The processes responsible for elimination of plas- escape from endosome, (3) delivery from cytosol to
mids from the nucleuskf.e) are clearly dependent the nucleus, and (4) nuclear uptake.
on plasmid level, so they are treated as being first The modelirFig. 1is analogous to those used in the
order. The process leading to a decrease of expressiorpharmacokinetics fieldRowland and Tozer, 1980a;
(Kp.el) is slow and may be equally well represented as Gibaldi and Perrier, 19§2 Pharmacokinetic models
being zero or first order. We elected to represent it as and equations are used to estimate the fraction of a
being first order. Results of our preliminary computer dose that is bio-available, and fraction of a dose that
simulations supported the reasonableness of that de-passes through a site where drug can be directly mea-
cision. Initial estimates for the two zero-order rate sured, such as blood. These same concepts apply here.
constants were obtained from the initial slope of the For the model irScheme 1lwhen the elimination pro-
data. Estimates of the two first-order parameters were cess is first order, the total amouXipassing through
obtained from the terminal slope of a semilogarithmic the measurement site, in this case the nucleus, is given
plot of the data. The results are listedTiable 1 The by X = k x AUC, where AUC is the total area under
value ofknyc for the TFL-3 vector was about twice as the curve of measured values versus time, largdan
large as the corresponding value for the PEI vector. In apparent first-order rate constant for elimination from
contrast, the value df,.¢ for the TFL-3 vector was  the measurement site. In the case of the plaskisia

Table 1
Results of pharmacokinetic analysis
TFL-3 PEI TFL-3/PEI ratio
Nuclear transport of plasmid knuc (copies 1) 110 50 2.2
Knel (h™1) 0.078 0.35 0.22
AUCpc (copiesh) 1.0x 10° 59 x 10 17
Gene expression F 43x 1073 1.1x 1073 3.9
Kexp (Units frt) 1.9 x 10° 2.8 x 107 6.8
koel (71 - 0.032 -
Gene expression efficiency AUG (units h) 43x 1P 1.9 x 10* 2.3 x 10
AUCeyp/AUCnyc (units copies?) 43 3.2 13

Values for rate constants and pharmacokinetic terms were obtained as described in the text.
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measure of the plasmid “dose” that made it to the nu- Some genes will be inaccessible and so will not be
cleus (a small portion of the dose applied to the cells), transcribable. In other cases, incomplete, nonfunc-
and AUC is a measure of exposure of the plasmid to tional transcripts will be produced. Over the course
the nucleus. Greater exposure may enable more geneof a study, the transcriptional availability of the de-
expression. The plasmid dose was known for each ex- livered genes can be defined as a measure of the
periment. If we assume that the fraction of the dose number of functional transcripts produced relative to
delivered to each cell in the system was approximately the number of genes delivered to the nucleus. For
the same, and that none of that plasmid dose was pre-simplicity, we assume that once the transcript has
cluded from being available for other, unknown rea- been completed and released, the subsequent transla-
sons, then the efficiendy of plasmid nuclear delivery  tion rate per transcript, for the same conditions, cell
can be calculated a8 = X/Dose, and percent effi-  type, and cell phase, is relatively constant and inde-
ciency is 106. Dose is the amount of plasmid applied pendent of the location of the originating gene, i.e.

per cell. the transcript has no memory of its place of origin.
The above methodology was applied to both sets of An optimal measure of transcriptional availability is
plasmid delivery and gene expression datdiig. 1 thus a measure of the average level of gene expres-

AUC, ¢ values were calculated using the trapezoidal sion per plasmid delivered to the nucleus over the
rule (Rowland and Tozer, 198Qkand are listed in course of an experiment. The ratio AGAUChyc
Table 1 Because dose is the same for the two vector provides such a measure. The datarable 1show

types, nuclear delivery efficiendy is directly calcu- that the transcriptional availability from the TFL-3
lable, and was 0.4% for the TFL-3 vector, which was vector is more than an order of magnitude greater
four times the efficiency of the PEI vector. than from the PEI vector. This is a dramatic differ-

Because the duration of the experiment was unex- ence. Clearly, additional research is needed to gain
pectedly insufficient to measure the decline in gene a better understanding of the causal influences that
expression from the TFL-3 vector, it is not possible can impact transcriptional availability. For this pur-
to directly measure the area under the expression ver-pose, we utilized recently developed the RTS 500
sus time curve for that vector. However, if we make Rapid Translation System (Roche Diagnostics K.K.,
the conservative assumption that the valuégf for Tokyo, Japan)Tachibana et al., 2002bThis system,
the TFL-3 vector is about the same as that for the which enabled detailed studies of the transcription
PEI vector, then AUC is calculable. When we did of plasmids under a variety of conditions, was used
that, the estimated efficiency of the TFL-3 vector was as a model system for transcription, and the effect
about 230 times greater than that of the PEI vector. of cationic liposomes on the process was evaluated.
Such a dramatic difference is not unexpect@#uchi Transcription of DNA/cationic liposome complexes
et al. (1999Yyeport that the TFL-3 vector has a higher was significantly inhibited even in the typical ratio of
transfection efficiency than the commercially avail- the complexes used in transfection studies although
able Lipofectin, LipofectACE, and LipofectAMINE  no inhibitory effect was observed when plasmids
cationic liposome reagents. and cationic liposomes were separately added to the

To more precisely discuss means for improving reaction device.
gene delivery efficiency, it is convenient to introduce  The events involved in intracellular trafficking
and define a new term, transcriptional availability. of plasmids that are being delivered by cationic li-
The ability of the cell’s transcriptional machinery to posomes is believed to be different from those for
first access and then complete the transcription of a plasmid—cationic polymer complexes such as the PEI
delivered gene can change depending on a numbervector studied here. In the latter ca@nussif et al.
of variables, including how that gene is delivered to (1995) posit that PEI acts like a “proton sponge.”
the nucleus, the site of transcription, and the physical Once inside the endosome, the polymer is thought to
condition of the gene and its carrier (the plasmid— adsorb large numbers of protons, and that causes os-
associated factors and reagents) upon arrival in the motic swelling and a pH shift. The increased osmotic
nucleus. For a combination of reasons, not all plas- pressure disrupts the endosomal membrane allowing
mid DNA delivered to the nucleus will be equal. escape of the now altered PEI vector. Cationic lipo-
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somes, on the other hand, are believed to undergoextending the experimental approach used here, we

a type of fusion with the endosomal membrane that will be better able to understand these processes, and

results in both local weakening of the endosome will be better positioned to engineer superior nonviral

and decreased electrostatic interaction between thevectors.

plasmid and the cationic liposomal lipids. As a conse-
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