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Abstract

Background Gene carriers based on lipids or polymers — rather than on
engineered viruses — constitute the latest technique for delivering genes into
cells for gene therapy. Cationic liposome-DNA (CL-DNA) complexes have
emerged as leading nonviral vectors in worldwide gene therapy clinical trials.
To arrive at therapeutic dosages, however, their efficiency requires substantial
further improvement.

Methods Newly synthesized multivalent lipids (MVLs) enable control of
headgroup charge and size. Complexes comprised of MVLs and DNA have
been characterized by X-ray diffraction and ethidium bromide displacement
assays. Their transfection efficiency (TE) in L-cells was measured with a
luciferase assay.

Results Plots of TE versus the membrane charge density (oy, average
charge/unit area of membrane) for the MVLs and monovalent 2,3-
dioleyloxypropyltrimethylammonium chloride (DOTAP) merge onto a
universal, bell-shaped curve. This bell curve leads to the identification of three
distinct regimes, related to interactions between complexes and cells: at low
om, TE increases with increasing oy; at intermediate oy, TE exhibits saturated
behavior; and unexpectedly, at high oy, TE decreases with increasing oyr.

Conclusions Complexes with low oy remain trapped in the endosome.
In the high oy regime, accessible for the first time with the new MVLs,
complexes escape by overcoming a kinetic barrier to fusion with the
endosomal membrane (activated fusion), yet they exhibit a reduced level
of efficiency, presumably due to the inability of the DNA to dissociate from
the highly charged membranes in the cytosol. The intermediate, optimal
regime reflects a compromise between the opposing demands on oy for
endosomal escape and dissociation in the cytosol. Copyright © 2005 John
Wiley & Sons, Ltd.

Keywords gene therapy; cationic lipids; transfection efficiency; membrane
charge density

Introduction

Cationic liposome-DNA (CL-DNA) complexes are attracting consider-
able attention as gene vectors due to their safety and other inher-
ent advantages over viral delivery methods [1,2]. These advantages
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include ease and variability of preparation, lack of
immunogenicity, and a capacity for DNA of unlimited size,
allowing for delivery of human artificial chromosomes
[3]. Recent setbacks in clinical trials with viral vectors, in
particular a fatality induced by a severe inflammatory
response [4] and insertional mutagenesis caused by
retroviral vectors [5], have further promoted a diligent
effort in developing efficient nonviral methods.

Currently, lipofection is a prevalent nonviral gene
transfer technology used in clinical trials worldwide
[6]. CLs for transfection typically consist of a mixture
of cationic and neutral (helper) lipid. Numerous lipids
with varied chemical and physical properties have been
synthesized [7-9] to improve the transfection efficiencies
of CL-DNA complexes to the level of viral vectors. These
include multivalent lipids, which have been described as
superior to their monovalent counterparts [10,11].

Despite this abundance of different cationic lipids,
unifying themes and a comprehensive understanding
of the interactions between CL-DNA complexes and
mammalian cells are lacking. In order to rationally design
and improve lipid-based delivery systems, however,
such an understanding is essential. In particular, it is
necessary to identify the interactions between the CL-DNA
complexes and the cells along the transfection pathway
to overcome the biological impediments to optimal
transfection by directed alteration and optimization of
CL-DNA complex formulations.

In part, the lack of mechanistic understanding of gene
delivery by CL-DNA complexes is due to the large num-
ber of parameters involved. Few investigations to date
include a complete examination of lipid performance as
a function of lipid-bilayer composition and lipid/DNA
charge ratio (pchg). Even in comparative studies [12],
typically only one or two data points per lipid are eval-
uated, allowing the ideal lipid composition (the ratio of
neutral to cationic lipid) or cationic lipid/DNA ratio to be
overlooked [10,11].

In previous experiments with commercially available
lipids, Lin et al. identified the membrane charge density,
oM, as a universal parameter for transfection by lamellar
CL-DNA complexes, but the scope of these investigations
was limited by the lipids used [13]. The membrane
charge density is the average charge per unit area of
the membrane. It is controlled by the ratio of neutral to
cationic lipid in the liposome formulation. On the other
hand, the lipid/DNA charge ratio, pchg, is the number of
charges on the cationic lipid divided by the number of
charges on the DNA. In our experiments, we keep both
the amount of DNA and pc,g (and thus the number of
charges contributed by the cationic lipid) constant. Thus,
om is varied solely by changing the amount of neutral
lipid per transfection assay, “diluting” the cationic lipid in
the membrane.

The work reported here presents both a confirmation
and a significant extension of the earlier findings.
We have synthesized a set of new multivalent lipids
(MVLs) through methodical variation of headgroup size
and charge and have examined the dependence of
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transfection efficiency (TE) on two key parameters,
lipid composition and lipid/DNA charge ratio, pchg. The
MVLs [14], which form lamellar DNA complexes alone
and when mixed with neutral 1,2-dioleoyl-sn-glycero-3-
phosphatidylcholine (DOPC), enabled us to systematically
probe very high membrane charge densities for the
first time. For all DNA complexes of the MVLs as well
as monovalent 2,3-dioleyloxypropyltrimethylammonium
chloride (DOTAP), TE plotted versus oy fits the same, bell-
shaped curve, confirming oy as a universal parameter.
The curve shows three distinct regimes of TE and a
clear maximum of TE at an optimal charge density,
om®. Here, the TE rivals that of hexagonal CL-DNA
complexes. The optimal oy* of the universal curve shifts
systematically with pc,g, with an increase in pepg resulting
in higher values for op*. Only the new, highly charged
lipids investigated here have permitted unambiguous
identification of the universal maximum in TE and its shift
with pchg, as well as the discovery of a third regime of TE,
where TE decreases (not saturates) with increasing oy;.

Materials and methods

Materials

The multivalent lipids (MVLs), MVL2 (molecular weight
(MW) = 884.2 g/mol), MVL3 (MW = 977.8 g/mol),
MVL5 (MW = 1552.7 g/mol), and TMVL5 (MW =
1253.0 g/mol) (Table 1), were synthesized according
to the procedure previously described [14]. N,,N;s-
Bis(Boc)-ornithine and Nj-Boc-ornithine (Novabiochem)
were used as the starting materials for MVL2 and
MVL3, respectively. 2,2'-(Ethylenedioxy)diethylamine for
TMVL5 was purchased from Aldrich. For all lipids except
MVL2, the final deprotection was performed by dissolving
of the protected lipid in trifluoroacetic acid (Fisher),
incubating at room temperature for 30 min and drying
in vacuum, in deviation from the published protocol
[14]. As described below, cationic liposomes were
prepared containing these lipids as well as the cationic
lipid 2,3-dioleyloxypropyltrimethylammonium chloride
(DOTAP, MW = 698.55 g/mol), in combination with the
neutral lipids DOPC (MW = 786.13 g/mol) and 1,2-
dioleoyl-sn-glycero-3-phosphatidylethanolamine (DOPE,
MW = 744.05 g/mol), all from Avanti Polar Lipids.
CL-DNA complexes were formed from these cationic
liposomes and the appropriate DNA. For X-ray samples,
ethidium bromide (EtBr) experiments, and transfection
assays, highly purified A-phage DNA (New England
Biolabs), highly polymerized calf thymus DNA (Amersham
Life Sciences) and pGL3 plasmid DNA containing the
luciferase gene (Promega Corp.) were used, respectively.

Liposomes

Lipid mixtures were prepared volumetrically by combin-
ing chloroform/methanol (4: 1) solutions of cationic and
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neutral lipids. The solvents were evaporated, first under a
stream of nitrogen and subsequently in a high vacuum to
ensure complete removal of the solvents. The dried lipid
mixtures were hydrated at 37 °C for at least 6 h with the
appropriate amount of deionized water of 18.2 MQ (final
concentration of 20 mg/ml for X-ray samples; final con-
centration of 0.5 mg/ml for transfection, and EtBr assay
samples), sonicated to clarity with a VibraCell from Sonics
and Materials Inc., and filtered through a 0.2 pm Teflon
filter (Whatman). The obtained liposome solutions were
stored at 4 °C.

Cell Transfection

Mouse fibroblast L-cells were cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM, Gibco BRL) supplemented
with 1% (v/v) penicillin-streptomycin (Gibco BRL) and
5% (v/v) fetal bovine serum (Gibco BRL) at 37°C in
a humidified atmosphere with 5% CO;, reseeding the
cells every 2-4 days to maintain subconfluency. The
cells were transfected at 60-80% confluency in 24-well
plates (7 mm diameter per well). Liposome (0.5 mg/ml)
and DNA (1 mg/ml) stock solutions were diluted with
DMEM to a final volume of 0.1 ml and complexes, con-
taining 0.4 ug of pGL3-DNA per well, were prepared at
the desired cationic-to-anionic charge ratio (pchg). The
cells were incubated with the complexes for 6 h, rinsed
three times with phosphate-buffered saline (PBS, Gibco
BRL), and incubated in supplemented DMEM for an
additional 24 h (sufficient for a complete cell cycle) to
allow expression of the luciferase gene. Luciferase gene
expression was measured with the luciferase assay sys-
tem from Promega Corp., and light output readings were
performed on a Berthold AutoLumat luminometer. Trans-
fection efficiency, measured as relative light units (RLU),
was normalized to the weight of total cellular protein
using the Bio-Rad protein assay dye reagent. For exper-
iments with chloroquine, complexes were formed in the
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same manner as above, but, prior to transfer to cells, the
complexes were mixed with 1.8 ul of a 6 mg/ml chloro-
quine solution and incubated for 10 min. The normal
transfection protocol was then resumed. To compensate
for the variation in cell behavior over time, the data
for DOTAP/DOPC complexes was normalized using data
taken at the same time as TE data for MVLS5.

X-ray diffraction (XRD)

CL-DNA complexes were prepared by mixing 75 ug
of A-phage DNA at 5 mg/ml with liposome solutions
(20 mg/ml) in an Eppendorf centrifuge for approximately
3 h. Samples were prepared at pq,g = 2.8. After storage
for 3 days at 4°C, allowing the samples to reach
equilibrium, they were transferred to 1.5 mm diameter
quartz X-ray capillaries (Hilgenberg, Germany). The
high-resolution XRD experiments were carried out at
the Stanford Synchrotron Radiation Laboratory. Two-
dimensional powder diffraction images were obtained
using an image plate detector (Mar Instruments).

EtBr displacement assay

Samples were prepared in a 96-well plate. Each well
contained 2.4 ug of DNA, 0.28 ug of EtBr and the
appropriate amount of cationic lipid. Water was added to
each well, achieving a final volume of 200 ul per well.
Fluorescence was measured on a Cary Eclipse fluorescence
spectrophotometer.

Results and discussion

MVL design and structures

Table 1 shows the chemical structures and maximum
charges of the MVLs used in this study. These lipids
were designed to achieve a systematic variation of the
headgroup charge with minimal change in the chemical
structure. Only a single aminopropyl unit per cationic
charge was added to the headgroup, starting from the
ornithine unit of MVL2. The oleyl chains provide strong
anchoring in the membrane and miscibility with DOPC.
TMVLS5 has a slightly longer (triethylene glycol) spacer
than the other MVLs.

X-ray characterization of MVL-DNA
complexes shows a lamellar phase

We used XRD to determine the structure of MVL-
DNA complexes. For all MVLs, at all investigated
cationic/neutral lipid compositions of 0-90% DOPC,
MVL-DNA complexes form the lamellar LS phase, the
highly prevalent of the two known complex structures
[15-17]. Moreover, XRD shows no evidence of phase
separation, indicating that the complexes contain both
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Figure 1. (A) Schematic of the lamellar phase indicating the
characteristic dimensions. Reprinted with permission from [15].
(B, C) Typical X-ray diffraction (XRD) scans from lamellar
(L,©) CL-DNA complexes, containing 40 mol% MVL ((B) MVL3;
(C) TMVL5) and 60 mol% DOPC, at a lipid/DNA charge ratio
Pechg = 2.8 in the presence of DMEM. (D, E) Typical XRD scans
from L,¢ CL-DNA complexes containing 100 mol% MVL ((D)
MVL3; (E) TMVL5), prepared at pchg = 2.8 in the presence of
DMEM (Reproduced in part with permission from reference 15)

MVL and DOPC, as intended. A schematic of the lamellar
phase (L,©) and its characteristic dimensions is shown
in Figure 1A. Figures 1B and 1C shows typical XRD
patterns of complexes containing 40 mol% MVL (MVL3
(B); TMVL5 (C)) and 60 mol% DOPC, at a lipid/DNA
charge ratio of 2.8, prepared in the presence of DMEM.
The sharp peaks, labelled qgg;, 9go2, Qoo3, respectively,
give the lamellar repeat distance, d, which is the sum
of the membrane thickness (§,) and the thickness of
a water/DNA layer (Sw): d = 68m + 8w = 27/qqpo1- The
diffuse weaker peak, labeled qpya, results from one-
dimensional ordering of the DNA sandwiched between
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the lipid bilayers and corresponds to a DNA interhelical
spacing dpna = Zn/qDNA [17]. The experlmental values
are dpna = 31 A for MVL3 and dpna = 27 A for TMVLS5.

In Figures 1D and 1E, XRD patterns of complexes
containing 100% MVL3 (D) and TMVL5 (E) under
otherwise identical conditions are shown. The narrow
peaks and multiple harmonics show that at the salt
concentrations present in DMEM, i.e. under conditions
as in the transfection experiments, stable and well-
defined complexes form even from membranes containing
exclusively the highly charged multivalent lipids. The
salt present in DMEM screens the electrostatic repulsions
between the headgroups and enables formation of stable
complexes. However, when prepared in deionized water,
complexes without neutral lipids exhibit broadening of
the first lamellar peak (at qyo;) and do not show higher
harmonics of the first lamellar peak, indicative of smaller
size multilamellar assemblies (results not shown).

Estimation of lipid headgroup charge:
EtBr displacement assay

Figure 2 shows data from an EtBr displacement assay
[18-21], performed to examine the ability of the MVLs to
condense DNA within the CL-DNA complexes. The data
was acquired by collecting fluorescence measurements
at various weight ratios of MVL to DNA (with a fixed
weight of DNA and EtBr per point) and normalizing the
intensity to the fluorescence of DNA and EtBr in solution.
EtBr fluoresces when intercalated between the base pairs
of DNA, but self-quenches in solution. As the MVL
liposomes are introduced and self-assembly into the L,°
phase occurs, EtBr is displaced and overall fluorescence
decreases until all DNA has been incorporated into the
MVL-DNA complexes at the isoelectric point. Thus, this
method allows a quick and efficient assessment of the
effective charge on the headgroup of these lipids. The
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Figure 2. Normalized fluorescence data from the EtBr displace-
ment assay for MVL2, MVL3 and MVL5. The dashed lines
are drawn at the isoelectric points, determined as described
in the text. They result in valencies of Zyyiz =2.0+0.1,
Zyvis = 2.5+ 0.1, Zyves = Ztmves = 4.5+ 0.1

J Gene Med 2005; 7: 739-748.
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isoelectric point was determined as the intersection
point of linear fits to the data at high and low
lipid/DNA ratio [22,23]. This gives headgroup charges of
Zyviz = 2.0 0.1, Zyviz = 2.5+ 0.1, Zyvis = 4.5 £0.1.
The dashed lines in Figure 2 indicate the corresponding
isoelectric MVL/DNA weight ratios.

Transfection efficiency as a function of
lipid composition

Figure 3 shows TE results for complexes transfecting
mouse fibroblast cells at various MVL/DOPC ratios.
Also included is data for the monovalent lipid DOTAP
mixed with DOPC, a well-investigated reference system
which constituted the starting point of our studies [13].
The complexes were prepared at pchg = 2.8, which Lin
et al. have found to be the optimum charge ratio for
DOTAP/DOPC complexes [24]. The amount of DNA and
cationic lipid per sample was kept constant. Thus, only the
amount of neutral lipid varies between data points. All
MVL-DNA complexes form globular particles of around
0.2 um diameter in water, as previously reported for
DOTAP [25] and MVL5 [14]. In DMEM, these particles
form much larger aggregates due to screening of their
electrostatic repulsion by the high salt concentration, as
we have shown for MVL5 by optical and epi-fluorescence
microscopy [14]. Figure 3A shows the TE data as a
function of the molar fraction of cationic lipid. For all
cationic lipids, a maximum in TE as a function of lipid
composition is observed: at 65 mol% for MVL2, 70 mol%
for MVL3, 50 mol% for MVL5, 55 mol% for TMVL5, and
90 mol% for DOTAP. The optimal molar ratio results in a
TE that is over two decades higher than that of the lowest
transfecting complexes in these systems, and each data
set fits a skewed bell-shaped curve.

Membrane charge density is a
universal parameter: three regimes of
transfection efficiency

Figure 3B shows the data from Figure 3A plotted versus
the membrane charge density, oy. A notable simplification
occurs and all the data points merge onto a single curve.
This identifies oy as a universal parameter for transfection
by lamellar CL-DNA complexes.

As mentioned above, oy is the average charge
per unit area of the lipid membrane; therefore, the
headgroup areas of the lipids, their charge, and
the molar fractions of cationic and neutral lipid
are the parameters required to -calculate oy. We
calculated oy as described by Lin et al. [13], with oy =
total charge/total membrane area = eZN./(Ng Aq +
N An) = [1 — @i/ (Ppy + r®Pcp)Joa, where Ny and Ny
are the number of cationic lipids and neutral lipids in
the complexes, respectively; r = A /Ay is the ratio of the
headgroup areas of the cationic and the neutral lipid;
oq = eZ/A is the charge density of the cationic lipid

Copyright © 2005 John Wiley & Sons, Ltd.
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with valence Z; and ®,; and ® are the molar fractions of
the neutral and cationic lipids, respectively. For our data,
we used Ay = 72 A” 26,271, rporap = 1, ryviz = 1.05 +
0.05, I'MvVL3 = 1.30 £+ 0.05, I'MvLs = 2.3+ 0.1, I'TMVL5 =
25+0.1, Zpotap = 1, Zyvi2 = 2.0 £ 0.1, Zyyiz = 2.5+
0.1, Zymvis = Ztmvis = 4.5 £ 0.1. The values for Z were
obtained by the EtBr displacement assay as described
above. The values for r can be considered as fitting
parameters, but they yield physically reasonable values
that agree with chemical intuition. (The values of r were
determined based on agreement with the Gaussian fit.
For the monovalent lipid DOTAP, r was assumed to be
equal to 1, consistent with previous findings [13].) It
is interesting to note that the optimal TE for MVL3 is
found at a larger molar fraction of cationic lipid than for
MVL2 despite the fact that MVL3 has a higher headgroup
charge. This can be attributed to the significantly larger
headgroup size of MVL3 and shows the importance of the
parameter t.

The resulting curve of TE vs. oy can be described

empirically by a simple Gaussian (solid line in Figure 3B):

TE = TEo + A exp —[(om — om™)/W]? 1)
where TEg = —(1.9 £ 5.6) x 107 RLU/mg protein; A =
(9.4+0.6) x 108 RLU/mg protein; w = (5.8+0.5) x
1073 e//okz. For the optimal charge density, the fit gives
om* = (17.440.2) x 1073 e/A”,

Remarkably, in extension of previous results which
showed the increase and a subsequent levelling-off of TE
with oy [13], we see an entire bell curve of efficiency,
including a decrease in TE at higher charge densities.
Previously, without the series of new MVLs, Lin et al.
were not adequately prepared to measure this range of
charge densities.

The new universal TE curve of lamellar complexes
exhibits three well-defined regimes. Regime I (dark
gray), corresponding to low oy, features an exponential
increase in efficiency over three orders of magnitude.
Regime III (light gray), corresponding to high oy, is
characterized by a decrease in efficiency with increasing
oM, suggesting that there also is an obstacle of electrostatic
nature to successful DNA delivery by lamellar CL-DNA
complexes. The competition of the two effects that give
rise to regimes I and III leads to the existence of the
intermediate regime II (white) as the region of optimal
charge density, corresponding to the highest TE. This
clearly demonstrates the importance of including neutral
lipid in the formulation of CL-DNA complexes, particularly
those of newer, multivalent lipids. Due to the universality
of the curve, it should also be possible to estimate the
optimal composition for any given lipid by performing
the simple EtBr displacement assay and estimating the
headgroup size of the lipid from its chemical structure.
We will address the implications of the universal curve
for the mechanism of transfection in more detail below.

In addition to data for the lamellar complexes,
Figure 3B shows TE data for the commonly used
DOTAP/DOPE lipid system. The inverted hexagonal (Hy®)

J Gene Med 2005; 7: 739-748.
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Figure 4. TE data taken in the presence of chloroquine (chlq) to
assess the relevance of endosomal escape in the three regimes
(regime I, dark gray; regime II, white; regime III, light gray).
The relative increase in TE, TEq/TE-1, is plotted for MVL3
(black bars) and MVL5 (white bars) in the three regimes. TE is
enhanced by about a factor of three in regime I (10 mol% MVL),
but not in regime II (60 mol% MVL) and regime III (100% MVL).
This indicates that endosomal release is not a limiting factor for
regimes II and III

[15] DOTAP/DOPE complexes exhibit high TE even at
low oy, due to their distinct mechanism of cellular entry,
which relies on the fusogenic properties of DOPE [2,13].
This has made DOPE a popular choice as a co-lipid, and
complexes with DOPE are abundant in the literature.
However, the vast majority of neutral lipids lead to
lamellar CL-DNA complexes, and, even with PE-based
lipids, the hexagonal phase is only observed in a small
window of composition [15]. Furthermore, the in vivo
performance of PE-based complexes is disappointingly
poor and cholesterol, which leads to lamellar complexes, is
increasingly used as a neutral lipid for in vivo applications
[2,7]. Therefore, our result that the TE of optimized

Copyright © 2005 John Wiley & Sons, Ltd.
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Figure 5. (A) Three-dimensional transfection phase diagram of
lamellar complexes, combining data for MVL2, MVL3, and MVL5.
Membrane charge density, oy, lipid/DNA charge ratio, pchg, and
TE are plotted along the x-axis, y-axis, and z-axis, respectively.
(B) The optimal oy* (from the data shown in (A)) is plotted
against the charge ratio, pchg. (C) The maximum TE (at om*)
plotted against pg. This TE essentially remains constant

L,© complexes rivals that of the highly transfecting Hy®
DOTAP/DOPE complexes is of great significance. It adds
a compositional degree of freedom, because efficiently
transfecting complexes can be prepared from a broad

J Gene Med 2005; 7: 739-748.
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range of lipids without diminishing TE if oy is optimized.
This includes lipids with specialized functions in the
delivery process, such as peptide-lipids.

Effect of chloroquine on transfection
efficiency in the three regimes

Endocytosis is the dominant mechanism of entry of
lamellar CL-DNA complexes, as evident from recent
confocal microscopy and transfection data [13] and work
from other laboratories [28,29]. After cellular uptake
via endocytosis, CL-DNA complexes must escape from
endosomes in order for the DNA to progress toward the
cell nucleus. Only a finite amount of time is available for
this, since the endosomal pathway involves degradation of
the contents of the endosome: initially through a lowering
of the pH within the endosome and then through fusion
with low-pH lysosomes.

The importance of endosomal escape as a barrier to
transfection can be assessed by performing transfection
experiments in the presence of chloroquine (chlq),
a well-established bio-assay known to enhance the
release of material from endosomes by osmotically
bursting the vesicle [30]. We have repeated efficiency
experiments for MVL3 and MVL5 in the presence of
chloroquine for data points characteristic of the three
transfection regimes. The resulting data is shown in
Figure 4, plotted as the relative increase in transfection
efficiency, (TEiq-TE)/TE = TEqq/TE — 1. TE in regimes
II (60 mol% MVL) and III (100% MVL) is not enhanced
by the addition of chloroquine. However, an increase
in TE is seen in regime I, at low oy (10 mol% MVL),
where transfection efficiency is enhanced approximately
threefold. These results suggest that complexes with lower
om remain trapped within endosomes, while complexes
with higher oy are able to overcome this barrier.
Therefore, the decrease in TE at highest oy, in regime
ITI, is not related to endosomal entrapment but must be
due to other effects.

In regime I, a straight line fits the data of Figure 3B
well, particularly for small values of oy. This regime was
previously investigated by Lin et al. [13], who proposed
that endosomal escape limits TE in this regime, consistent
with the enhancement of TE by chloroquine. The
escape from the endosome likely occurs via an activated
fusion process of the oppositely charged membranes of
endosome and complex [13]. The activation energy for
this can be written as §E = ak — boy;, where a and b are
constants >0. The parameter « is the bending rigidity of
the membrane, which is mainly determined by the lipid
tails and the area per lipid chain and therefore constant in
our experiments. Bending of membranes, as required for
fusion, results in an energy cost proportional to «. Since
the interacting membranes are oppositely charged, the
activation energy decreases with increasing oy, making
fusion with the endosomal membrane more likely. For
endosomal entrapment being the main impediment to
transfection as proposed by Lin et al., the activation
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energy for fusion directly relates oy to the transfection
efficiency via an Arrhenius-type equation [13]:

TE « rate of fusion = 1/t e—SE/KT

(2
Here, 1/7 is the collision rate between the trapped CL-
DNA particle and the endosomal membrane.

At higher charge densities, in regimes II and III, TE
is no longer limited by endosomal escape, as shown
by the negligible effect of chloroquine. Here, the data
of Figure 3B bends strongly away from a straight line
but is well approximated by the empirical bell curve of
Equation (1). Except for the lowest values of oy, this bell
curve also fits the data in regime I, implying that the
activation energy SE most likely contains contributions
both linear and quadratic in oy;.

Effect of lipid/DNA charge ratio:
transfection phase diagram

All data shown in Figure 3 were taken at a fixed lipid/DNA
charge ratio, pcng, of 2.8. For other values of pepng, we have
observed similar, universal behavior. An efficiency phase
diagram, shown in Figure 5A, summarizes these results.
In this graph, oy varies along the x-axis, pcg along the
y-axis, and TE along the z-axis. At very low lipid/DNA
charge ratios (i.e. below and near the isoelectric point,
Pchg < 1, where complexes are negatively charged or
neutral), TE is low for all values of oy. This is to
be expected, as an overall positive CL-DNA charge is
required to promote initial electrostatic interactions with
cell membranes [31-33]. As p,g is increased to above
unity, a maximum in TE, defining the optimal membrane
charge density oy *, emerges and a bell curve of efficiency
is observed, with the optimal o * shifting to higher values
with increasing pchg. This means that much more cationic
lipid is required to achieve optimal TE at large lipid/DNA
charge ratios. For clarity, this surprising trend is shown
in Figure 5B, which plots the optimal on™* against pchg.
The descending part of the bell curve beyond the optimal
om* for pang >1 (i.e. regime III) cannot be seen for
the highest lipid/DNA charge ratios. However, it seems
likely that, given liposomes with an even higher charge
density than the 27.17 x 10~ e/A” attainable with 100%
MVLS5, the decrease in the efficiency predicted by the bell
curve shape would also be seen for the highest peng. As
shown in Figure 5C, the maximum TE (TE at the optimal
om™) does not change appreciably with pug. A relatively
low lipid/DNA charge ratio, therefore, can be considered
optimal since it allows for achievement of maximum TE
with the least amount of cationic lipid. This is due to
the unexpected increase of op* with pepg. Minimizing the
amount of cationic lipid is desirable to reduce cost as well
as potential toxic effects of the cationic lipid. In addition,
achieving a given oy with fewer, more highly charged
molecules should mean a smaller metabolic effort for the
elimination of the lipids from the cell. This reasoning
would favor multivalent over monovalent lipids. In this
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context, it is important to note that with the amounts
of cationic lipid employed in our in vitro experiments,
we find no toxic effects on the cells as judged by cell
morphology and the amount of total cellular protein.

A model of the intracellular CL-DNA
complex pathway as a function of oy

The schematic shown in Figure 6 summarizes our current
understanding of the cellular fate of L, complexes in the
three regimes. Initial attachment mediated by electrostatic
attractions between CL-DNA complexes and negative
charges at the cell surface (Figure 6a) is followed by
endocytosis of the complex particle (Figure 6b), resulting
in endosomal entrapment (Figure 6¢) [13,31,34]. If
cellular attachment and uptake were limiting TE via a
om-dependent mechanism, a linear increase of TE with
om would be predicted. Thus, our data, which shows an
exponential increase, excludes this possibility.

For complexes with low oy < o™ (regime I), trans-
fection is limited by endosomal escape (Figure 6d), as
modelled by Equation (2) [13]. This is substantiated by
the transfection experiments performed in the presence
of chloroquine. These experiments also indicate that com-
plexes with high oy (in regimes II and III) are able to
escape from endosomes, most likely by activated fusion
of the membranes of the CL-DNA complex and the endo-
some (Figure 6e). The complexes are then released into
the cytoplasm (Figures 6f and 6g). Therefore, the unex-
pected new behavior observed at very high oy > om™*
(regime III), where TE decreases with oy, must be due to
another efficiency limiting mechanism. In the cytoplasm,
the onion-like lamellar complexes are expected to dis-
sociate layer by layer, slowly releasing their DNA. This
likely occurs through interactions with anionic proteins,

CL-DNA

cell-p-megmbrane

Figure 6. Model of cellular uptake of L,¢ complexes. Cationic
complexes adhere to cells due to electrostatics (a) and enter
through endocytosis (b and c). Low-oy; complexes largely remain
trapped in the endosome (d). High-oy complexes are able to
escape the endosome through activated fusion (e). They release
DNA through interactions with oppositely charged cellular
biomolecules. We hypothesize that strong membrane-DNA
interactions at very high charge density lead to diminished
dissociation (g), while the complexes efficiently release their
DNA at oy ~ on* ()
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such as the abundant cytoskeletal protein actin, which
readily forms complexes with CLs [35]. We hypothesize
that transfection in regime III is limited by a slowed CL-
DNA complex dissociation in the cytoplasm (Figure 6f vs.
Figure 6g) due to the electrostatic interactions between
the lipid bilayers and the DNA becoming stronger with
increasing oy [25]. Previous work by other groups has
shown that lipids chemically designed to be cleaved in the
cytoplasm lead to enhanced TE, possibly by promoting
complex dissociation [36,37].

More work is required to confirm this hypothesis, and to
check whether other effects, such as a dependence of x on
oM, play a role. Very fast escape from the endosome might
also be unfavorable because it would prevent the complex
from taking advantage of the trafficking of endosomes
towards the nucleus.

In a recent theoretical paper, Hed and Safran
[38] have considered the interactions between two
oppositely charged membranes mimicking, for example,
the interactions between cationic membranes of CL-DNA
complexes and anionic membranes of the endosomes
(Figures 6c, 6d, and 6e). Within mean field theory, two
oppositely charged membranes of unequal oy repel
each other due to counterion pressure. However, Hed
and Safran predict that such asymmetrically charged
membranes can exhibit regions of attractive interactions,
due to charge density fluctuations. Such local interactions
lead to fusion. Thus, the mechanism described by this
model may be the origin of fusion and release of CL-DNA
complexes from endosomes (Figure 6e).

Conclusions

We have established membrane charge density, ou, as
a key universal parameter governing the transfection
efficiency of CL-DNA complexes in the L,¢ phase. Using
newly synthesized multivalent lipids, we were able to
show that TE follows a universal, bell-shaped curve
when plotted as a function of oy. The maximum of
this universal curve shifts systematically with pcng, with
an increase in pqng shifting the maximum TE to higher
oM. At an optimal pa,g, we have identified three distinct
regimes of TE, corresponding to low, intermediate and
high oy. The maximum TE in regime II reflects the
compromise between opposing requirements (Figure 6f):
escape from endosomes requires high oy, but dissociation
of complexes in the cytoplasm requires low oy. Future
strategies for optimization must decouple these opposing
requirements, e.g. by inclusion of a third component,
which enhances TE in regimes I or III without affecting
om. One approach would be to modify other parameters
affecting the energy barrier to endosomal fusion, such as
the membrane bending rigidity. Another approach could
involve introducing specific interactions via derivatives
of PEG-lipids. By themselves, PEG-lipids of sufficient
chain length are able to block the unspecific electrostatic
interactions between cells and CL-DNA complexes [39].
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The universality of the observed behavior in combina-
tion with identification and understanding of the three
regimes is a powerful tool for predicting the composition
range of optimal efficiency for any lipid system forming
L,© complexes. Future work will investigate whether the
universality can be extended to saturated lipid chains,
for example, or systems where the initial cell adhesion is
not charge-mediated. The detailed study presented here
focuses on one particular cell line, but preliminary experi-
ments show similar trends in other cell lines such as COS-1
and He-La. This is not surprising, as the initial interaction
of CL-DNA complexes with cells is generally electrostatic
in nature, relying on the positively charged complexes and
the presence of negatively charged components on and
in the cell plasma membrane. Of primary significance is
the discovery that high TE can be achieved with lamellar
complexes and at relatively low lipid/DNA charge ratios
(where oy is an intermediate value). This ability to use
fewer cationic molecules for high TE is important for cost
reduction and possibly in vivo toxicity of cationic compo-
nents. The presented transfection optimization strategy is
directly relevant for gene therapy using ex vivo methods,
where cells are removed, transfected, and returned to
patients after selection. Further work on model systems
relating to in vivo gene therapy is in progress.
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