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Cationic DOPC-Detergent Conjugates for Safe and
Efficient in Vitro and in Vivo Nucleic Acid Delivery

Philippe Pierrat,” Anne Casset,”® Pascal Didier,” Dimitri Kereselidze,” Marie Lux,?

Francoise Pons,” and Luc Lebeau*™

The ability of a nonviral nucleic acid carrier to deliver its cargo
to cells with low associated toxicity is a critical issue for clinical
applications of gene therapy. We describe biodegradable cat-
ionic DOPC-C,,E, conjugates in which transfection efficiency is
based on a Trojan horse strategy. In situ production of the de-
tergent compound C,,E, through conjugate hydrolysis within
the acidic endosome compartment was expected to promote
endosome membrane destabilization and subsequent release
of the lipoplexes into cytosol. The transfection efficiency of the
conjugates has been assessed in vitro, and associated cytotox-
icity was determined. Cellular uptake and intracellular distribu-
tion of the lipoplexes have been investigated. The results show
that direct conjugation of DOPC with C;,E, produces a versatile

Introduction

Gene therapy is an experimental approach that uses genes or
other nucleic acids (oligonucleotides, siRNA...) to treat or pre-
vent diseases. It involves intracellular delivery of a therapeutic
nucleic acid with full functional integrity so it becomes avail-
able to the cellular machinery for proper processing and
action. Because of the anionic nature both of the plasma cell
membrane and of nucleic acids, intracellular delivery of the
latter requires the use of a safe and efficient vector, and this
definitely represents one of the greatest technical challenges
in modern medicine. Thus, although potent viral vectors have
been developed, gene therapy has seen only limited success
to date, primarily due to safety concerns.” Additional limita-
tions with viral vectors reside in the maximum size of the DNA
fragments they can package (<5 Kbp),? in difficulties met in
large-scale preparation,” and in production costs.”

As an alternative to viral vectors, synthetic carriers have
attracted much attention from chemists.” In particular, a large
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carrier that can deliver both DNA and siRNA to cells in vitro
with high efficiency and low cytotoxicity. SAR studies suggest
that this compound might represent a reasonable compromise
between the membrane activity of the released detergent and
susceptibility of the conjugate to degradation enzymes in
vitro. Although biodegradability of the conjugates had low
impact on carrier efficiency in vitro, it proved critical in vivo.
Significant improvement of transgene expression was obtained
in the mouse lung tuning biodegradability of the carrier.
Importantly, this also allowed reduction of the inflammatory
response that invariably characterizes cationic-lipid-mediated
gene transfer in animals.

number of cationic lipids have been developed, and their huge
potential for intracellular delivery of nucleic acids has been
demonstrated. However, after more than 20 years of intensive
research, few clear conclusions have emerged on the relation-
ships between the structures and compositions of lipidic carri-
ers and the transfection efficiencies and safety of the lipoplex-
es made from them.”® Furthermore, most of those nonviral car-
riers that proved effective for delivering nucleic acids in vitro
either failed to deliver their cargoes in vivo or induced unac-
ceptable associated toxicity. Therefore, there is still a pressing
need to develop synthetic vectors offering a full guarantee of
efficiency and safety, to pave the way for therapeutic applica-
tions and to translate gene therapy into a reality.

Intracellular gene delivery by cationic lipids is a complex
process.”’ Cationic lipid/nucleic acid complexes—that is, lipo-
plexes—are formed through electrostatic interaction between
the cationic head groups of the lipids and the anionic phos-
phates in nucleic acids, the hydrophobic part of the lipids driv-
ing the condensation of the complexes into discrete particles
by a spontaneous self-assembly process. It is widely accepted
that cationic lipoplexes prepared with an excess of cationic
lipid attach to negatively charged cell-surface proteoglycans.”
After cell binding, lipoplexes enter the cells primarily by endo-
cytosis. Most particles remain trapped in the endosome, and
undergo degradation upon fusion of matured endosome with
lysosomes.” Lipoplexes that succeed in endosome escape dis-
sociate in the cytosol, and their DNA can migrate toward the
nucleus, under threat of degradation by nucleases, for nuclear
import and proper processing.
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Every one of these steps is challenging and can severely
hinder transfection efficiency. Endosome escape is probably
the most critical, and many efforts have been devoted to the
development of nucleic acid delivery systems with specific
endosome-membrane-disrupting properties. Inclusion of the
helper lipid 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) into the DNA complexes was shown to improve endo-
some escape.'” The effect presumably relies on the ability of
DOPE to induce destabilization of the endosomal membrane
by lipid phase transition to the inverted hexagonal phase. In-
corporation of pH-sensitive lipids in the lipoplexes gave similar
results. These form stable lipid bilayers at physiological pH
(pH 7.4) but undergo membrane destabilization under acidic
conditions (e.g., in late endosome)."™ Membrane-active pep-
tides presenting small amphipathic domains also proved effi-
cient in facilitating endosome escape.?

The use of detergents for gene delivery applications, in
order to improve endosome escape and transfection efficiency,
has been considered as well."™ However, this approach has
achieved only limited success. Indeed, as a consequence of the
high critical micellar concentrations (CMCs) of detergents, a
rapid depletion of these amphiphilic molecules from the trans-
fection particles occurs upon dilution in biological media, pro-
voking premature decondensation of the nucleic acid and thus
precluding its internalization by the cells.

Recently, the use of cationic lipids resulting from the conju-
gation of Triton X-100, a surfactant with high membrane-solu-
bilizing potential, with the endogenous membrane phospho-
lipid 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) for nu-
cleic acid intracellular delivery has been described.™ Conjuga-
tion was performed with the aid of various acetal linkers, in
such a way that these lipids can lose their cationic charge
upon hydrolysis upon either a chemical or an enzymatic stimu-
lus." Biodegradation of the conjugates—inside the acidic en-
dosomal compartment or upon exposure to lysosomal en-
zymes, for example—results in production of Triton X-100 and
DOPC. This has several advantages: 1) intracellular accumula-
tion of potentially toxic cationic species® is avoided, 2) deter-
gent produced in situ can destabilize the endosome mem-
brane, thus improving the escape of the entrapped genetic
material into the cytoplasm, and 3) as a zwitterionic species,
DOPC cannot maintain the integrity of the lipoplexes, and this
results in the decondensation of the nucleic acid payload,
which thus becomes available to the cell machinery for proc-
essing. High in vitro transfection efficiency was achieved with
these biodegradable DOPC-detergent conjugates but this
came with significant associated cytotoxicity, most likely due
to intrinsic toxicity of the detergent released in situ.

The intrinsic toxicity profiles of nucleic acid carriers might be
a barrier to in vivo applications. We believed that changing the
structure of the detergent in the previous conjugates might
have beneficial effects on the transfection process. Especially,
we had it in mind to improve the efficacy of this Trojan horse
strategy by placing endosome escape under the control of the
detergent species generated in situ, and managing the associ-
ated toxicity. We thus considered n-dodecyl tetra(ethylene
glycol) ether (C,,E,), which is known to be a soft detergent
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Scheme 1. Structures of the investigated DOPC-detergent conjugates.

with acceptable biocompatibility."” This detergent was conju-
gated to DOPC in various ways (Scheme 1). The resulting con-
jugates were subjected to evaluation of their properties in
terms of nucleic acid condensation and of the sizes and charg-
es of the resulting particles. Their efficacy in mediating intracel-
lular DNA and siRNA delivery and their associated cytotoxicity
were assessed on various cultured cell lines. Cellular uptake,
intracellular distribution, and intracellular disassembly of the
lipoplexes were examined by fluorescence techniques. Finally,
preliminary experiments involving gene delivery to the mouse
lung were performed to determine whether and how the re-
sults obtained in vitro could translate in vivo.

Results and Discussion
Synthesis of the cationic DOPC-detergent conjugates

Preparation of compound 1 was achieved as previously de-
scribed.'® Briefly, C,,E, (7) was prepared from 1-bromodode-
cane and tetra(ethylene glycol) in 50% aqueous sodium hy-
droxide, and transformed into the corresponding trifluorome-
thanesulfonyl ester 8 (Scheme 2). The compound was unstable,

C1oHosBr

Hfo/\%OH 50 % NaOH C12H25(O/\%R DOPC 1
4 4

7:R=OH
0x0.Py [ 4. r-or

Scheme 2. Synthesis of the cationic DOPC-detergent conjugate 1.

and decomposition occurred on standing at room temperature
in chloroform. Analysis of degradation products was consistent
with a deoligomerization process leading to the formation of
dioxane as reported previously with other activated poly(ethyl-
ene glycol) (PEG) derivatives."® Consequently, compound 8
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was directly subjected to nucleophilic displacement by DOPC
to form conjugate 1, obtained as a mixture of two diastereo-
mers (53 % yield).

Conjugates 2-4 were prepared as described in Scheme 3.
C,,E, was acylated with various 1-chloroalkyl chloroformates to
provide chloromethyl carbonates 9-11 in 92-96 % yield. Treat-
ment of these intermediates with DOPC directly provided the
expected conjugates 2-4 in 20-37% yield. Conjugate 5 was
obtained through standard acylation of C,,E, with succinic an-
hydride. The resulting hemisuccinate 12 was then treated with
chloromethyl chlorosulfate to provide the corresponding chlor-
omethyl ester 13 quantitatively. Treatment of 13 with DOPC
led to conjugate 5 in 21 % yield.
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Scheme 3. Synthesis of the cationic DOPC-detergent conjugates 2-5.

Preparation and characterization of lipoplexes

The ability of cationic lipids 1-5 to interact electrostatically
with nucleic acids and form lipoplexes was determined by a
conventional electrophoretic retardation assay (Figure S1 in
the Supporting Information). It was observed that the nature
of the substituent introduced at the phosphate group of
DOPC had no adverse effect on the ability of the ammonium
polar head of the cationic lipid to interact with phosphates in
the nucleic acid backbone. All conjugates fully retarded nucleic
acid at N/P values between 0.8 and 1.0 (where N is the concen-
tration of the lipid ammonium group and P that of nucleic
acid phosphates), except for conjugate 4. In that case, a higher
N/P charge ratio was required for full condensation of nucleic
acid (N/P>1.5). The sizes and { potentials of the complexes
prepared with DNA and siRNA were systematically determined
by dynamic light scattering (DLS) measurements. The data are
presented in the Supporting Information (Tables ST and S2)
and are specifically referred to in the following discussion.

Hydrolytic stability of the DOPC-detergent conjugates

Compounds 1-5 were designed in order to display various sus-
ceptibilities towards hydrolysis, due to the presence of an
acetal moiety connecting DOPC to the detergent species,
hopefully with various rates of detergent release in biological
media. Thus, their hydrolytic stability was first determined in
vitro under neutral and acidic conditions, according to a previ-
ously described procedure. Briefly, the conjugates were for-
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mulated into liposomes by use of an injection technique,”” in

buffered saline at pH 7.4 and 4.5, and incubated at 37°C.
*'P NMR titration of starting material (phosphotriester) against
DOPC (phosphodiester) allowed determination of the time, t:/,
required for 50% hydrolysis (Table 1). As might be expected,

Table 1. Hydrolytic stability of conjugates 1-5. Compounds formulated
into liposomes were incubated at 37 °C, and hydrolysis was monitored by
*'P NMR measurements. The time required for 50% hydrolysis (t,,) was
calculated from theoretical curve fitting with the experimental data.

t, [h]
1 2 3 4 5
pH 4.5 Ll 234 13.6 84 148
pH 7.5 Ll 48 16.5 107 92

[a] No hydrolysis could be detected after an incubation period of seven
days.

incubation of conjugate 1 did not result in any formation of
DOPC or other degradation product, even over an extended
period of time (seven days). Conjugates 3 and 4, each bearing
an alkyl substituent on the acetal bridge, exhibited hydrolytic
susceptibility that was exacerbated at low pH, as was anticipat-
ed in view of the presence of the acetal bridge. However, and
this is contrary to our first expectations, conjugates 2 and 5
did not follow this trend and were more rapidly hydrolyzed
under slightly alkaline conditions. This might find an explana-
tion in that the hydrolytic stability of the conjugates is the
result of a delicate balance between the sensitivity of the
acetal bridge under acidic conditions and that of the carbon-
ate or ester groups under acidic and basic conditions. It also
depends on the hydration state of the polar head of the conju-
gates. Depending on the reaction mechanism (specific base-
catalyzed, water-catalyzed, or specific acid-catalyzed), the hy-
drolysis of carbonate and ester within the conjugates proceeds
at various rates as they are altered by the inductive and steric
properties of the substituent groups.”” Furthermore, combina-
tion of these functional groups with phosphate and acetal
moieties within the same molecular scaffold might possibly
allow for intramolecular catalysis. As a consequence, further
interpretation of the results in Table 1 remains difficult and
would require hydrolysis data obtained with additional conju-
gates for precise determination of the influence of each func-
tional group on the overall (in)stability of the compounds.

In vitro transfection efficiency and cytotoxicity of the
DOPC-detergent conjugate/DNA complexes

The ability of the DOPC-detergent conjugates to mediate DNA
delivery in cells was determined by measuring the levels of
transgene expression in various cell lines incubated with lipo-
plexes (Figure 1, left). Lipoplexes were prepared with the
pCMV-FLuc DNA plasmid at three different N/P charge ratios
(1, 3, and 5), in the presence of 10% fetal bovine serum (FBS).
The cytotoxicity of the formulations was determined in parallel,
by using a lactate dehydrogenase (LDH) cell release assay
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Figure 1. Expression of luciferase (left) and LDH release (right) in A) BHK-21,
B) NCI-H292, C) A549, and D) Calu-3 cells treated for 24 h with pCMV-FLuc
complexed with conjugates 1-5, at various N/P ratios [1 (black), 3 (gray), 5
(white)], in the presence of 10% FBS. “C” (control) refers to untreated cells.

(Figure 1, right). Firstly, DNA complexes with conjugates 1-5
were quite similar with respect to their size and ¢ potentials
(Table S1). This was probably a result of the high structural ho-
mogeneity within the investigated conjugate series. Next, the
transfection rates, as measured by the production of the firefly
luciferase protein, were highly dependent on the cell line in-
vestigated. Thus, BHK-21 cells were transfected at the higher
rate, whereas NCI-H292 and A549 cells were less affected, by
an order of magnitude. Calu-3 cells proved more difficult to
transfect. This was probably related to their capacity to secrete
mucus, which constitutes an additional obstacle to penetration
of cells by transfection particles. Furthermore, it transpired that
the transfection rates were strongly influenced by the N/P
charge ratios for the more labile conjugates 2-5, whereas
smaller variations were observed with compound 1. Remarka-
bly, higher transfection rates were regularly obtained at the N/
P charge ratio of 1, for which the lipoplexes displayed negative
¢ potential values (Table S1). This provides evidence that there
is no need for the particles to be positively charged in order to
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interact with the negatively charged cell membrane, and to
trigger cellular uptake. As a matter of fact, in the serum-con-
taining cell culture medium, serum proteins compete for the
nanoparticle surface, leading to the formation of a protein
corona that largely defines the biological identity of the nano-
particle.”? Whatever the charge of the nanoparticle, this pro-
cess occurs within minutes® and hence is compatible with
the timing of the incubation process in the transfection experi-
ments.

Considering each cell line separately and regardless of the
N/P ratio, higher transfection efficiency was invariably achieved
with conjugate 1, except in the case of the difficult to transfect
Calu-3 cell line, for which mixed results were obtained. Al-
though this set of data allows several alternative interpreta-
tions, it seems clear that the introduction of a sensitive con-
nector within the structure of the conjugate is detrimental to
its DNA delivery efficiency in vitro. The hydrolytic susceptibili-
ties of the conjugates as measured in buffered saline (Table 1)
did not reflect the situation encountered in the biological
media and underestimated the degradation rates of the conju-
gates. Indeed, in such an environment, chemical transforma-
tions are mostly under the control of enzymes, with high cata-
lytic turnover and reaction rates that cannot be matched
under acid/base-catalyzed conditions. As a corollary, the more
labile conjugates might not be stable enough to enzymes to
allow effective delivery of DNA to cells, either because they
cannot maintain the integrity of the transfection particles until
they enter cells, or because premature intracellular DNA de-
condensation makes diffusion to the nucleus more difficult
and exposes the nucleic acids to nucleases en route.

With respect to cytotoxicity, the labile conjugates proved
less harmful to cells than compound 1, at least in the case of
the easy to transfect BHK-21 cell line. With the other cell lines,
results were not as clear-cut. At optimum charge ratio (N/P=
1), almost negligible membrane damage was observed be-
cause the amount of LDH released by cells was below 5-10%,
except in the case of the NCI-H292 cells. At higher charge
ratio, a significant and predictable increase in LDH release was
measured. Indeed, the more cationic the particles, the greater
their propensity to engage in direct fusion with the negatively
charged plasma membrane. Although membrane fusion can
be non-leaky, it is very common to lose material from the vesi-
cle interior during the later stages of membrane unification, as
has been shown with, for example, synthetic liposomes®* and
lysosomes.™™ It is worth noting that fusion of lipoplexes with
the plasma membrane need not necessarily translate into cel-
lular uptake of the plasmid DNA and subsequent transgene ex-
pression. Most probably, the DNA molecules remain trapped
onto the outer leaflet of the plasma membrane, similarly to
what has previously been reported for lipoplexes prepared
with cationic surfactants.”® Lastly, improving the charge ratio
was invariably associated with cytotoxicity; this is consistent
with higher intracellular concentration of the toxic cationic
species, but suggests that the internalized material was only
poorly released into the cytosol for correct transgene expres-
sion. Additional data on cytotoxicity of the carriers alone can
be found in the Supporting Information (Figure S2).
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Cellular uptake and intracellular distribution of the
lipoplexes

Cellular uptake of the lipoplexes was investigated by flow cy-
tometry. BHK-21 cells were incubated with lipoplexes prepared
with Cy5-labeled DNA and collected at 4 h for analysis. The cy-
anine dye was excited at 640 nm, and fluorescence was mea-
sured at 660 nm. With regard to the percentage of Cy5-posi-
tive cells (i.e., cells that internalized lipoplexes), all the conju-
gates achieved high scores (>85%), except for conjugate 4
(51%; Figure 2A). The differences between the compounds
were amplified on examination of the mean fluorescence in-
tensities of the cells (Figure 2B). Thus, a higher rate of DNA
internalization was obtained with conjugate 2, whereas 4 ap-
peared to be a less effective carrier in the series with a reduc-
tion of DNA cellular uptake by more than an order of magni-
tude. These conclusions, however, must be tempered because
the data are only semiquantitative, due to Cy5 fluorescence
self-quenching within the transfection particles (Figure S3).
Indeed, in the condensed Cy5-labeled DNA particles, the local
concentration of the cyanine dye is significantly improved so
the distance between two neighboring dye units allows cross-
relaxation, as has already been reported with other fluoro-
phore-labeled DNA complexes.”” Thus, disaggregation of the
labeled lipoplexes inside cells comes with fluorescence de-
quenching and makes accurate quantitative analysis difficult, if
not impossible. Moreover, the fluorescence data cannot be di-
rectly correlated with transfection efficiency, because they give
a picture of the situation at time point 4 h, whereas transfec-
tion was measured 20 h later. Furthermore, quantification of
cellular uptake provides no information on intracellular proc-
essing of the lipoplexes, which would be expected to be varia-
ble depending on the stability of the carrier in the cellular
compartment. Notably, lipoplexes prepared with compound 4
were poorly internalized by cells but led to high transgene ex-
pression, revealing that they were processed inside the cells in
more timely manner than other lipoplexes, with regard to, for
example, their escape from the endosome and DNA deconden-
sation, degradation by nucleases, diffusion through cytoplasm,
or nuclear import. Complementary analysis of cellular uptake
with consideration of the { potentials of the transfection parti-
cles (Table S1) was poorly informative as well, but confirmed

Figure 2. A) Cellular uptake of lipoplexes in BHK-21 cells, and B) mean fluo-
rescence of cells quantified by flow cytometry analysis (1., =640 nm, analysis
at 660 nm). Lipoplexes were prepared at N/P=1 from Cy5-labeled DNA and
lipids 1-5, and were incubated for 4 h before treatment and analysis. Values
for each sample are the means of duplicate determination. “C” (control)
refers to untreated cells. C), D) Time courses of cellular uptake. Lipoplexes
were prepared with lipids 1 and 4 and Cy5-DNA (N/P=1). C) The popula-
tions of Cy5-positive cells, and D) the mean fluorescence intensities of cells
were measured at 1 (white), 2 (gray), and 4 h (black) after the cells had been
treated with lipoplexes. E), F) Confocal microscopy images of the intracellular
trafficking of DNA complexes prepared with conjugates E) 1, and F) 4. Lipo-
plexes were prepared with Cy5-labeled DNA and the corresponding conju-
gate (N/P=1) with 1% molar Rh-PE, and incubated with A549 cells. Prior to
observation 1, 4, and 24 h after addition of lipoplexes, cells were stained
with LysoSensor green DND-189 to indicate acidic organelles (scale bar:

20 pm).
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that protein coronas formed around the lipoplexes even at low
serum concentration (10%), masking their net negative charge
and conditioning their interaction with the cell membrane and
subsequent internalization.
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The cellular uptake of the DNA complexes was kinetically in-
vestigated, and analysis was especially focused on DNA com-
plexes with conjugate 1 and its analogue 4 with improved bio-
degradability (Figure 2C, D). Flow cytometry analysis was per-
formed 1, 2, and 4 h after cell incubation with the lipoplexes
had started. As might be expected, the intensity of Cy5 fluo-
rescence increased almost linearly during the incubation
period. However, a significant difference was observed when
the internalization rates were considered. Indeed, cellular
uptake of 1-DNA complexes proceeded four to five times more
quickly than that of 4-DNA particles, which was consistent with
the transfection data obtained after 24 h incubation time (Fig-
ure 1A). This suggested that, once inside cells, the two trans-
fection particles released functional DNA at similar rates.

To gain insight into the intracellular distribution and disag-
gregation of the transfection particles, A549 cells were incubat-
ed with double-labeled lipoplexes (N/P=1) incorporating Rh-
PE and Cy5-labeled DNA. Cells were imaged at different time
points by confocal microscopy.

Lipoplexes prepared with conjugate 1 were massively inter-
nalized in cells, appearing as punctate green (Rh channel) or
red (Cy5 channel) structures (Figure 2E). Quantitative image
analysis by conventional pixel counting methods®® indicated
that only 4% of rhodamine-labeled particles collocated with
acidic organelles after incubation for 1 h (Table S3). Collocation
had increased to 21 and 57% after 4 and 24 h, respectively.
The same was observed when the cyanine dye channel was
considered (5, 17, and 68% collocation was measured after 1,
4, and 24 h, respectively). These data were consistent with a
decrease in the intracellular processing rate of the lipoplexes
along the incubation period, resulting in an accumulation of
transfection particles inside cells. Similar observations have
been reported previously.”? Substantial location of rhodamine
fluorescence (96, 79, and 43 % after 1, 4, and 24 h, respectively)
and Cy5 fluorescence (95, 83, and 32% after 1, 4, and 24 h, re-
spectively) outside acidic intracellular compartments, however,
indicated that a significant amount of lipoplexes had gained
access to the cytosol.

DNA complexes prepared with conjugate 4 behaved differ-
ently (Figure 2F). Firstly, less fluorescent material was internal-
ized by cells; this was consistent with the results obtained in
the flow cytometry study. Secondly, accumulation of the lipo-
plexes in the endosomes over time was reduced by a factor of
2-3 relative to 1-DNA lipoplexes. Indeed, whereas 68% of de-
tectable DNA appeared enclosed in acidic compartments after
24 h with carrier 1, this ratio dropped to 16% with carrier 4.
This was the indication that the major proportion of internal-
ized DNA molecules (84%) had gained access to the cytosol.
Thus, it can reasonably be proposed that improved endosome
escape was the result of the higher biodegradability of conju-
gate 4 relative to 1, the larger quantity of C,,E, produced
inside the compartment being responsible for higher mem-
brane permeabilization. Because conjugate hydrolysis was also
expected to affect lipoplex stability, we made attempts to
quantify intracellular complex disaggregation through FRET
measurements. Because of a lack of sensitivity of our experi-
mental setup that could not image Cy5-DNA at sub-micromo-
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lar concentrations, data analysis proved troublesome. Never-
theless, on considering the collocation of rhodamine and Cy5
fluorescence, a higher score was generally obtained with con-
jugate 4. Fully condensed transfection particles could hardly
be detected through the Rh channel due to FRET with the Cy5
acceptor (Figure S5), so this was an indication that 4-DNA com-
plexes were indeed more quickly disaggregated than 1-DNA
complexes inside cells.

In vitro gene silencing with the DOPC-detergent conjugate/
siRNA complexes

Some previously described phospholipid-detergent conjugates
have been demonstrated to be efficient carriers for intracellular
delivery of siRNA."" We thus examined the ability of conju-
gate 1 to deliver siRNA into cultured cells (Figure 3, left). We
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Figure 3. Efficiency of 1 in delivering siRNA in A549-Luc cells at various lipid
and siRNA concentrations (left), together with associated cytotoxicity (right).
For comparison, Lipofectamine 2000 was assayed in parallel according to
the optimized experimental conditions provided by the supplier (33 nm
siRNA). Conjugate 1 (5.5, 11, 22 um, second line abscissa axis) was formulat-
ed either with non-targeting siRNA (sic: gray) or with luciferase-targeting
siRNA (siLuc: black) at various concentrations (1.25 to 80 nw, first line abscis-
sa axis) and added to the cells according to a reverse transfection procedure
as indicated in the Experimental Section.

used the A549-Luc cell line, which has been stably transformed
to express a luciferase gene. Transfection particles were pre-
pared with a specific luciferase-targeting siRNA (siLuc), and
gene knockdown was determined 48 h after contact with the
cells. Non-targeting siRNA (sic) was used as a control to pro-
vide crucial information on the toxicity induced by the lipo-
plexes. We investigated in vitro efficacy at low doses of both
conjugate 1 and siRNA in the meantime. The dose/response
study showed that conjugate 1 was able to promote silencing
of the luciferase gene in cultured cells up to 95% at low siRNA
and lipid concentrations (5-10 nm and at 5.5 pm, respectively).
When the amount of siRNA delivered to the cells was reduced
by a factor of two (2.5 nm; that is, 7 ng siRNA per well) approx-
imately 80% silencing could still be achieved. Furthermore, no
significant LDH release was measured at the lower lipid con-
centration, although gene silencing was extremely effective
(Figure 3, right). Increasing the amount of lipid delivered to
the cells led to a synchronous increase in LDH release, and at
high lipid concentration (22 pm) marked cytotoxicity was ob-
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served. Moreover, it is worth noting that conjugate 1 was more
potent than the commercially available transfection reagent
Lipofectamine 2000 (L2k). The latter was assayed according to
the optimized experimental conditions provided by the suppli-
er (33 nm siRNA) and led to 78% gene knockdown. Similar
activity (82% knockdown) was achieved with conjugate 1 at
lower siRNA concentration (2.5 nm), and silencing was im-
proved to 96% when the siRNA concentration was increased
to 5 nm.

Because of the activity profile of the labile analogues of
lipid—detergent conjugate 1 in DNA delivery (vide supra), there
was great interest in determining the efficiency of conjugates
2-5 in delivering siRNA. This work was carried out with A549-
Luc cells over an extended range of siRNA and carrier concen-
trations, by determining the luciferase gene knockdown (Fig-
ure 4) and the cytotoxicity (Figure S4) induced by the resulting
formulations. The labile conjugates 2, 3, and 5 displayed
knockdown efficiencies (90-95%) similar to that obtained with
the parent compound 1. This, however, required the use of
a larger amount of carriers (12 pum), possibly to compensate for
their premature or accelerated hydrolysis. Furthermore, as
already observed with DNA, the particles resulting from the
complexation of siRNA by conjugates 1-5 displayed very simi-
lar sizes and & potentials (Table S2). This presumably allows
more confident connection between the transfection efficien-
cies and the intracellular degradation rates of these conju-
gates.

With respect to the cytotoxicity of the formulations, com-
pound 5 appeared to be better tolerated by the cells, followed
by 3, and then 2, although the differences were not very pro-
nounced. In addition, cationic lipid 4, bearing an isopropyl sub-
stituent on the acetal bridge, failed to provoke specific lucifer-
ase silencing over the whole concentration range tested. In
this case, important luciferase silencing was achieved regard-
less of the siRNA used (i.e., either targeting or control siRNA),
suggesting toxicity concerns that were indeed supported by
the LDH release data (Figure S4). Parallel to the findings from

Luciferase activity (%)

CHEMBIOCHEM

the previous DNA delivery experiments, it turned out that
improving biodegradability of the cationic conjugates did not
improve in vitro siRNA delivery efficiency. Although high trans-
fection rates could be obtained, this usually required larger
amounts of carrier and came with significant associated toxici-

ty.

In vivo transfection efficiency and inflammatory effect of
the DOPC-detergent conjugate-DNA complexes

Our ongoing research goals are mainly focused on therapeutic
gene delivery by the pulmonary route to treat disorders such
as cystic fibrosis (CF), chronic obstructive pulmonary diseases
(COPDs), and asthma, which are among the more representa-
tive causes of mortality and morbidity worldwide.*® In this
context, a gene therapy approach based on local delivery of
nucleic acid to the lung might be especially advantageous
because it reduces systemic side effects and does not lead to
interactions between lipoplexes and serum proteins en route.
Thus, in order to determine whether findings from the in vitro
experiments presented above could translate into gene deliv-
ery efficiency in vivo, DNA formulations based on conjugates
1 and 2 were evaluated in mice through the airway route. Be-
cause PEGylation of cationic lipid-based carriers has been
shown to be crucial for providing lipoplexes with the necessary
extended lifetime in the animal body,®"” we introduced DMPE-
MPEGsq, into the formulations, as well as DOPE, a frequently
used lipid helper. The resulting transfection particles were
administered to mice by intranasal instillation, and luciferase
expression and inflammatory response were measured in the
lung tissue at 24 h post-administration.

Preliminary in vitro evaluation of these formulations was not
very informative because PEGylation of lipoplexes is known to
be detrimental to transfection efficiency in cultured cells (Fig-
ure S6A).5% This is the result of steric shielding by PEG that
not only reduces undesired interactions of transfection parti-
cles with components of the cell culture medium, but also sup-
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Figure 4. Efficiency of 2-5 and of Lipofectamine 2000 in delivering siRNA in luciferase-expressing A549-Luc cells. The culture medium contained 10% FBS.
Conjugates (2, 4, 8, 12 pm, second line abscissa axis) were formulated either with non-targeting siRNA (sic: gray) or with luciferase-targeting siRNA (siLuc:
black) at various concentrations (1.9 to 88 nw, first line abscissa axis). Luciferase activity was measured after a 48 h incubation period.
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presses the electrostatic interactions with the plasma and en-
dosome membranes that are conducive to cellular uptake and
endosome escape, respectively. With regard to the DOPE com-
ponent, although it failed to improve the transfection rate by
the DOPC-detergent conjugates in vitro (Figure S6B), it proved
to be necessary for eliciting significant transfection activity in
vivo (Figure 5). Indeed, formulation B (1/DOPE/DMPE-mPEG;,,
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Figure 5. In vivo transfection efficiencies (left) and inflammatory responses
[right, IL-6 (black bars), KC (white bars)] of formulations based on conjugate
1 and its biolabile analogue 2 (A: 1/DMPE-mPEG;y, 1:0.05; B: 1/DOPE/
DMPE-mPEGsgq, 1:1:0.05; C: 2/DOPE/DMPE-mPEGsgq 1:1:0.02). DNA (pCMV-
GLuc, 40 pg) was administered as a single dose in pure water (50 pL). Ani-
mals were euthanized 24 h post-administration for determination of lucifer-
ase expression in lung homogenate (n=4). Control and naked DNA refer to
mice that received either pure water (50 pL) or DNA (40 pg) in pure water
(50 pL), without carrier. Statistically significant differences at *p < 0.05 and
***p <0.001 relative to naked DNA (left) or control (right) as determined by
a one way ANOVA followed by the Dunnett multiple comparison test.

1:1:0.05, mol%) improved luciferase expression in the mouse
lung by a factor of 5 (1.45x10° versus 0.29x 10° RLU per mg
protein) relative to the DOPE-free formulation A. On the other
hand, although it did not prove superior to 1 in vitro, biolabile
conjugate 2 proved much more potent in vivo (formulation C,
2/DOPE/DMPE-mMPEG;,,, 1:1:0.02), with transfection efficiency
being improved by an additional factor of 2.6 (3.78x10° RLU
per mg protein).

Moreover, on consideration of the inflammatory response
that characterizes cationic-lipid-mediated gene transfer, inter-
esting results were obtained as well. The levels of two cyto-
kines involved in acute inflammation—interleukin-6 (IL-6) and
keratinocyte-derived chemokine (KC)—were measured in bron-
choalveolar lavage fluids (BALFs) of treated mice. These cyto-
kines are secreted by polymorphonuclear neutrophils (PMNs)
and are critical in the unfolding of the inflammatory response
and in establishing the correct environmental conditions for
launch of the adaptive immune response.*™ IL-6 production
was found to be stable for the three formulations investigated
(<380 pg per mL BALF) and did not increase with transfection
efficiency. More strikingly, KC secretion, established at (814+
112) and (423 £76) pgmL~" with formulations A and B, respec-
tively, dropped to (29.4+9.3) pgmL~" with formulation C: that
is, the one containing the biolabile conjugate 2. Such a value
was not significantly different from that measured for the neg-
ative controls [(15.7 +-8.8) pgmL™"]. Although these preliminary
results deserve additional investigation, they suggest that con-
jugate 2 might be a promising DNA carrier for pulmonary de-
livery.
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Conclusion

Phospholipid-detergent conjugates have previously been re-
ported as valuable tools for in vitro DNA and siRNA delivery.
The work described here aimed to improve the transfection
efficiencies and intrinsic toxicity profiles of these nucleic acid
carriers so that they might be transformed into candidates for
in vivo gene transfer applications. Our working hypothesis im-
plies a Trojan horse mechanism. The efficiency of the conju-
gates designed in this study is based on the membrane-dis-
rupting properties of the detergent molecule produced
through the biodegradation of the carrier within the endo-
some acidic compartment. The results obtained show that con-
jugation of DOPC with C;,E, can produce versatile carriers that
can deliver DNA both in vitro and in vivo, with high efficiency
and low toxicity. On the one hand, structure-activity relation-
ships within the conjugate series suggest that compound
1 might represent a reasonable compromise between 1) the
membrane activity of the detergent released in situ, and 2) the
susceptibility of the conjugate to degradation enzymes.

Improving degradability of the conjugates did not lead to
higher gene delivery efficiency in vitro. Rather, to maintain a
high transfection rate, larger amounts of the more labile conju-
gates were required, with subsequent higher associated cyto-
toxicity. A conclusion might be that the rate of in vitro degra-
dation of the phosphotriester group in the conjugates is not
a limiting step for suitable expression of the transgene in cul-
tured cells. In contrast, siRNA delivery proved to be more sensi-
tive to the carrier stability. Although significant transfection ef-
ficiency could be attained with conjugates displaying en-
hanced biodegradability, this required larger amounts of carrier
with respect to the siRNA cargo, and came along with marked
toxicity. A limit was reached with the most labile carrier in the
series, the gene silencing efficiency of which, if any, was fully
masked by cytotoxicity.

Finally, the previous findings did translate into gene delivery
efficiency in vivo, and high transgene expression was obtained
in the mouse lung with a biodegradable analogue of DOPC-
detergent conjugate 1. Besides improving in vivo transfection
efficiency, biodegradability of the conjugate allowed significant
reduction of the inflammatory response that characterizes cat-
ionic-lipid-mediated gene transfer in animals. Thus, biodegrad-
able DOPC-detergent conjugates might represent promising
DNA carriers for pulmonary delivery.

Experimental Section

Materials: Unless otherwise stated, all chemical reagents were pur-
chased from Alfa Aesar (Bischeim, France) and were used as re-
ceived. DOPC was from Lipoid GmbH (Germany). When required,
solvents were dried by standard procedures just before use.*¥ TLC
was performed with precoated plates (0.25 mm Silica Gel 60F,s,,
Merck, Darmstadt, Germany). Products were purified by chroma-
tography over silica gel (Silica Gel 60, 40-63 um, Merck). NMR spec-
tra were recorded with Bruker 300 MHz Avance DPX and 400 MHz
Avance lll instruments. 'H, "C, and *'P NMR chemical shifts (6) are
reported in ppm relative to their standard reference ("H: CHCl, at
7.27 ppm; *C: CDCl, at 77.0 ppm; 3'P: H;PO, at 0.00 ppm). IR spec-
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tra were recorded with a FTIR Nicolet 380 spectrometer in the ATR
mode, and absorption values (v) are in wave numbers [cm™']. Mass
spectra were recorded with an Agilent technology 6520 Accurate
Mass QToF instrument in electrospray ionization (ESI) mode. Mass
data are reported in mass units (m/z). Lipofectamine 2000 and
LysoSensor green DND-189 were obtained from Invitrogen (Cergy
Pontoise, France). 1,2-Dioleoyl-sn-glycero-3-phosphocholine
(DOPC), 1,2-dioleoyl-sn-glycero-3-phospho-ethanolamine (DOPE),
1,2-dioleoyl-sn-glycero-3-phosphoglycerol (DOPG), 1,2-dimyristoyl-
sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene  gly-
col)-5000] ammonium salt (DMPE-mPEGs,y), 1,2-dioleoyl-sn-gly-
cero-3-phospho-ethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl
ammonium salt (NBD-PE), and 1,2-dioleoyl-sn-glycero-3-phospho-
ethanolamine-N-(lissamine rhodamine B sulfonyl) (Rh-PE) were
from Avanti Polar Lipids. Cholesterol (chol) was from Sigma-Al-
drich. BHK-21 cells (Syrian hamster kidney cells, CCL-10), Calu-3
cells (epithelial lung adenocarcinoma, HBT-55), A549 cells (human
lung carcinoma, CCL-185), and NCI-H292 cells (human lung muco-
epidermoid carcinoma, CRL-1848) were obtained from ATCC-LGC
(Molsheim, France). pCMV-FLuc expression plasmid (5.5 kbp, BD
Biosciences Clontech, Franklin Lakes, NJ, USA) was used as reporter
gene to monitor DNA transfection activity in vitro.®* This plasmid
encodes the firefly luciferase gene under the control of a strong
CMV promoter. Plasmid pCMV-GLuc (5.7 kbp, Nanolight Technolo-
gy, Pinetop, AZ, USA) was used as reporter gene to monitor in vivo
DNA transfection activity.*® This plasmid encodes the Gaussia luci-
ferase gene under the control of the CMV promoter. The A549 cell
line was transformed to allow stable expression of the Photinus
pyralis luciferase gene originating from the pGL3 plasmid (Clon-
tech, Mountain View, CA) to assess siRNA delivery.?” The pGL3
plasmid also encoded for a gene conferring resistance to the anti-
biotic G418. This antibiotic was thus used to select the transfected
A549-Luc cells. Luciferase-gene-silencing experiments were per-
formed with an RNA duplex (siLuc) of the sense sequence: 5'-CUU
ACG CUG AGU ACU UCG A. Control untargeted RNA duplex (sic)
was of sense sequence: 5'-CGU ACG CGG AAU ACU UCG A. Both
RNAs were from Eurogentec (Angers, France). DNA concentration
refers to phosphate content. Culture media (Dulbecco’s modified
Eagle’s medium, DMEM; Roswell Park Memorial Institute medium,
RPMI 1640), FBS, and supplements were from GIBCO-BRL (Cergy-
Pontoise, France). Lysis and luciferin solutions for monitoring Firefly
luciferase activity were purchased from Promega. Coelenterazine
substrate for monitoring Gaussia luciferase activity was from Nano-
light Technology.

Conjugate 2: Chloromethyl chloroformate (522 pL, 5.94 mmol) was
added to a solution of 7 (2.00 g, 5.40 mmol) and pyridine (547 pL,
6.79 mmol) in freshly distilled CH,Cl, (40 mL). The reaction mixture
was stirred at rt under argon for 18 h, neutralized with water
(50 mL), and extracted with EtOAc. The organic layer was dried
over Na,SO, and filtered, and volatiles were removed under re-
duced pressure. Compound 9 was obtained as a colorless oil
(2.26 g, 92%) and was used in the next step without further purifi-
cation. TLC R=0.60 (CH,Cl,/MeOH 90:10); 'H NMR (400 MHz,
CDCly): 6=5.68 (s, 2H), 4.33-4.30 (m, 2H), 3.70-3.68 (m, 2H), 3.60-
3.57 (m, 16H), 3.53-3.50 (m, 2H), 1.52-1.50 (m, 2H), 1.26-1.20 (m,
18H), 0.82 ppm (t, *J;y=6.6 Hz, 3H); PCNMR (100 MHz, CDCl;):
0=1535, 72.3, 71.6, 70.8, 70.7, 70.1, 66.7, 32.0, 29.8, 29.6, 26.2,
22.7, 14.2 ppm; FTIR (film): 7=2922, 2854, 2360, 2341, 1766, 1250,
1108 cm™.

A solution of compound 9 (1.95 g, 4.28 mmol) in dry CHCl; (5 mL)
was added to a solution of DOPC (421 mg, 0.54 mmol) in freshly
distilled CHCl; (10 mL). The resulting reaction mixture was heated
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at reflux for 20 h under argon and then cooled down and concen-
trated under reduced pressure at 20°C. The crude residue was pu-
rified by flash chromatography over silica gel (CH,Cl,/MeOH 88:12
to 80:20) to yield compound 2 as a waxy solid (130 mg, 20%, two
diastereomers, ammonium chloride). TLC R;=0.53 (CH,Cl,/MeOH
90:10); 'H NMR (400 MHz, CDCl,): 6 =5.69-5.59 (m, 2H), 5.35-5.25
(m, 4H), 5.24-5.17 (m, 1H), 5.63-5.61 (brm, 2H), 4.39-4.06 (m, 8H),
3.71 (t, 2y =47 Hz, 2H), 3.65-3.50 (m, 18H), 3.46 (s, 9H), 3.40 (t,
3JH,H:6.9 Hz, 2H), 2.36-2.40 (m, 4H), 2.05-1.90 (m, 8H), 1.65-1.47
(m, 2H), 1.36-1.15 (m, 58H), 1.05 (t, Jy;=6.6 Hz, 6H), 0.84 ppm (t,
J=6.7 Hz, 9H); *CNMR (100 MHz, CDCl,): 6=173.4, 173.0, 153.5,
130.2, 129.9, 86.2, 71.7, 70.7, 70.2, 69.4, 68.7, 68.2, 66.8, 66.7, 65.5,
65.4, 624, 61.6, 54.7, 34.2, 32.1, 29.9, 29.8, 29.7, 29.6, 29.5, 294,
293, 29.2, 27.4, 27.3, 26.2, 25.1, 22.9, 14.2 ppm; *'P NMR (162 MHz,
CDCly): 6=-3.2, —3.3 ppm; FTIR (film): #=2922, 2852, 2360, 2341,
1741, 1260 cm™"; MS (ESI): m/z calcd for CggHiy;NO;,P(C,H,0),7:
1204.89 [M—CI]*; found: 1204.8.

Conjugate 3: Intermediate 1-chloroethyl carbonate 10 was pre-
pared from 7 (2.00 g, 5.40 mmol) and chloroethyl chloroformate
(641 pL, 5.94 mmol) by the same procedure as for 9. It was ob-
tained as a colorless oil (2.33 g, 92%) and was used in the next
step without further purification. TLC R;=0.55 (CH,Cl,/MeOH
90:10); 'HNMR (400 MHz, CDCly): =64 (q, *jyy=>5.8Hz, TH),
4.34-4.32 (m, 2H), 3.72 (t 3JH,H:4.1 Hz, 2H), 3.63-3.54 (m, 16H),
342 (t, *}y,y=6.8 Hz, 2H), 1.81 (d, *};=5.8 Hz, 3H), 1.57-1.53 (m,
2H), 1.29-1.23 (m, 18H), 0.86 ppm (t, *Jy,,=6.7 Hz, 3H); C NMR
(100 MHz, CDCl,): 6=153.1, 84.8, 71.8, 70.9, 70.8, 70.2, 68.9, 68.1,
32.1, 29.8, 29.7, 29.6, 26.3, 25.4, 22.9, 14.3 ppm.

Conjugate 3 was obtained as a waxy solid (290 mg, 37 %, four dia-
stereomers, ammonium chloride) from 10 (2.33 g, 4.96 mmol) and
DOPC (488 mg, 0.62 mmol) by the same procedure as for 2. TLC
Rr=0.53 (CH,Cl,/MeOH 90:10); 'H NMR (400 MHz, CDCl,): 6=6.41-
6.21 (m, 1H), 5.37-5.24 (m, 4H), 5.24-5.17 (m, 1H), 4.54 (brm, 2H),
4.38-4.05 (m, 8H), 3.83-3.86 (m, 2H), 3.65-3.50 (m, 18H), 3.46 (s,
9H), 3.40 (t, 3JH,H:6.9 Hz, 2H), 2.36-2.23 (m, 4H), 2.05-1.90 (m,
8H), 1.65-1.47 (m, 9H), 1.36-1.15 (m, 58H), 0.84 ppm (t, 3JH,H:
6.7 Hz, 9H); *C NMR (100 MHz, CDCl,): 6=173.4, 173.0, 153.1, 95.7,
95.3, 71.1, 70.8, 70.7, 70.2, 69.6, 69.5, 69.3, 69.2, 68.8, 68.1, 66.8,
68.1, 66.8, 66.7, 66.6, 66.4, 66.3, 66.2, 65.5, 65.4, 62.5, 62.2, 61.7,
61.6, 61.5, 54.6, 34.3, 34.2, 32.1, 304, 29.9, 29.6, 294, 29.3, 274,
26.3, 25.2, 25.0, 23.7, 22.9, 21.4, 20.9, 14.3 ppm; *'P NMR (162 MHz,
CDCly): 6=—5.3, —5.5, —5.7, —5.9 ppm; FTIR (film): #=2922, 2852,
1743, 1457, 1264, 1108, 1084, 971, 669 cm™'; MS (ESI): m/z calcd for
CsoH113NO;,P(C,H,0),: 1218.91 [M—CI]T; found: 1218.9.

Conjugate 4: Intermediate 1-chloro-2-methylpropyl carbonate 11
(2.58 9, 96%) was prepared from 7 (2.00g, 5.40 mmol) and 1-
chloro-2-methylpropyl chloroformate (884 uL, 5.94 mmol) by the
same procedure as for 9. It was obtained as a colorless oil (2.58 g,
96%) and was used in the next step without further purification.
TLC R 0.50 (CH,Cl,/MeOH 90:10); 'H NMR (400 MHz, CDCl,): 6=
6.16 (d, *Jyy=4.5 Hz, TH), 434-432 (m, 2H), 3.73 (t, *Jy=4.5 Hz,
2H), 3.64-3.54 (m, 16H), 3.42 (t, *J,,,=6.8 Hz, 2H), 2.23-2.16 (m,
TH), 1.63-1.48 (m, 2H), 1.29-1.23 (m, 18H), 1.05 (t, *Jyy=6.6 Hz,
6H), 0.86 ppm (t, *J,,,=6.7 Hz); *C NMR (100 MHz, CDCl): 6 =92.8,
71.6,70.7, 70.6 (4C), 70.1, 68.7, 67.8, 35.2, 31.9, 29.6 (4C), 29.5, 29.3,
26.1,22.7,17.4,17.1, 14.1 ppm.

Conjugate 4 was obtained as a waxy solid (174 mg, 20%, four dia-
stereomers, ammonium chloride) from 11 (2.70 g, 5.43 mmol) and
DOPC (533 mg, 0.68 mmol) by the same procedure as for 2. TLC
R;=0.53 (CH,Cl,/MeOH 90:10). 'H NMR (400 MHz, CDCl,): 6 =6.16-
6.10 (m, TH), 5.35-5.20 (m, 5H), 4.57 (brm, 2H), 4.47-4.12 (m, 8H),
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3.84-3.72 (m, 2H), 3.70-3.65 (m, 18H), 3.46 (t, *Jy,;=6.1 Hz, 2H),
3.25 (s, 9H), 2.40-2.29 (m, 4H), 2.18-2.07 (m, 1H), 2.06-1.95 (m,
8H), 1.69-1.50 (m, 6H), 1.39-1.22 (m, 58H), 1.08-0.99 (m, 6H),
0.88 ppm (t, *j;y=6.7 Hz, 9H); *CNMR (100 MHz, CDCly): 6=
174.7, 154.7, 130.9, 130.6, 101.7, 101.6, 78.5, 72.4, 71.4, 71.3, 71.0,
70.7, 70.6, 69.7, 69.6, 68.9, 67.6, 66.7, 66.6, 54.8, 35.0, 34.9, 33.9,
32.9, 30.9, 30.6, 30.4, 30.2, 30.1, 28.1, 27.1, 25.9, 23.6, 184, 16.8,
16.7, 16.4, 14.6 ppm; *'P NMR (162 MHz, CDCl;): 0=—4.7, —4.38,
—4.9, —5.1 ppm; FTIR (film): #=2925, 2854, 1745, 1510, 1258, 1160,
1092, 1031, 637 cm™"; MS (ESI): m/z calcd for C4,H,,;NO;,P(C,H,0),"
: 1246.94 [M—CI]*; found: 1246.9.

Conjugate 5: A mixture of compound 7 (4.00 g, 10.86 mmol) and
succinic anhydride (3.26 g, 32.6 mmol) in dry pyridine (30 mL) was
stirred at room temperature for 18 h. Volatiles were removed
under reduced pressure, and the crude residue was stirred in aque-
ous NaHCO; (5 %) for 30 min, acidified to pH 3 with HCl (12N), and
extracted with CH,Cl,/MeOH (2:1, v/v). The combined organic
layers were dried over Na,SO,, filtered, and concentrated under
reduced pressure. The crude residue was purified by flash chroma-
tography over silica gel (CH,Cl,/MeOH 95:5) to yield the intermedi-
ate hemisuccinate derivative 12 as a waxy solid (4.76 g, 95%). TLC
Re=0.46 (CH,Cl,/MeOH 90:10); 'H NMR (400 MHz, CDCl,): 6 =4.25—
4.23 (m, 2H), 3.67-3.40 (m, 16H), 3.44-3.40 (t, 3_/H,H:8.8 Hz, 2H),
2.63 (m, 2H), 1.56-1.53 (m, 2H), 1.27-1.23 (m, 18H), 0.85 ppm (t,
*Jun=6.5 Hz, 3H); ®C NMR (100 MHz, CDCl,): =175.9, 172.2, 71.6,
70.7, 70.6, 70.1, 69.1, 63.9, 32.0, 29.7, 29.6, 29.3, 29.2, 29.0, 26.2,
22.7, 14.2 ppm; FTIR (film): ¥=2923, 2853, 1735, 1457, 1249, 1113,
669 cm™.

nBu,NHSO, (284 mg, 0.87 mmol) and Na,CO; (1.83 g, 17.30 mmol)
were added to a suspension of the previous ester (2.00g,
4.33 mmol) in water (40 mL), and the reaction mixture was stirred
for 20 min at rt, affording a clear solution. The mixture was then
cooled down to 0°C, and a solution of chloromethyl chlorosulfate
(569 L, 5.62 mmol) in dry CH,Cl, (40 mL) was added dropwise
over 5 min. The resulting white suspension was vigorously stirred
for 1 h at 0°C and for 18 h at room temperature. The organic layer
was separated, and the aqueous phase was extracted with CH,Cl,.
The combined organic layers were dried over Na,SO,, filtered, and
concentrated under reduced pressure. Compound 13 was obtained
as a yellow oil (2.19 g, 99%) and was used in the next step without
further purification. TLC R;=0.47 (CH,Cl,/MeOH 90:10); 'H NMR
(400 MHz, CDCl,): 0 =5.68 (s, 2H), 4.24-4.21 (m, 2H), 3.68-3.59 (m,
16H), 341 (t, *Jy,=6.8 Hz, 2H), 2.68 (s, 2H), 1.57-1.50 (m, 2H),
1.32-1.16 (m, 18H), 0.85ppm (t, *J;,,=6.8Hz, 3H); "*CNMR
(100 MHz, CDCly): 6=171.9, 170.6, 71.7, 70.8 (2C), 69.2, 68.9, 64.2,
32.1, 29.9, 29.8 (2C), 29.7, 29.6, 29.1, 28.9, 26.3, 22.8, 14.3 ppm.

Conjugate 5 was obtained as a waxy solid (147 mg, 21 %, two dia-
stereomers, ammonium chloride) from 13 (2.19 g, 4.28 mmol) and
DOPC (423 mg, 0.54 mmol) by the same procedure as for 2. TLC
R:=0.16 (CH,Cl,/MeOH 90:10); 'H NMR (400 MHz, CDCl,): 6 =5.74~-
5.61 (m, 2H), 5.37-5.26 (m, 5H), 4.56 (brm, 2H), 4.44-4.12 (m, 8H),
3.85-3.75 (m, 2H), 3.65-3.53 (m, 18H), 3.4 (t, 3_/H,H:6.9 Hz, 2H),
3.25 (s, 9H), 2.77-2.65 (m, 4H), 2.40-2.28 (m, 4H), 2.05-1.95 (m,
8H), 1.67-1.5 (m, 6H), 1.39-1.22 (m, 58H), 0.86 ppm (t, *Jyu=
6.7 Hz, 9H); *CNMR (100 MHz, CDCly): 6=173.5, 173.1, 171.2,
130.3, 129.9, 83.2, 71.8, 70.8, 70.7, 70.2, 69.5, 69.1, 66.8, 66.6, 65.5,
64.4, 62.4, 61.7, 61.6, 54.8, 34.4, 34.2, 32.1, 29.9, 29.8, 29.7, 29.5,
29.4, 29.3, 28.9, 28.6, 27.4, 25.1, 22.9, 14.3 ppm; *'P NMR (162 MHz,
CDCly): 6=—3.4, —3.6 ppm; FTIR (film): 7=2927, 2842, 1732, 1440,
1109, 969 cm™'. MS (ESl): m/z calcd for CgH,sNO,,P(C,H,0),":
1260.92 [M—Cl]*; found: 1260.9.
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Animals: Nine-week-old male BALB/c mice were purchased from
Charles River Laboratories (Saint-Germain-sur-l'Arbresle, France).
They were housed in polycarbonate exhaust ventilated cages
(M.I.C.E. cages, Animal Care Systems) at four mice per cage, with
bedding made from spruce wood chips (Safe, Villemoisson,
France). Ventilation in the cages was set to 10-12 changes per
hour, according to the manufacturer’s recommendations. The
animal room was maintained under controlled environmental con-
ditions, with a temperature of (20+2)°C, a relative humidity of
(50+10)% and a 12 h/12 h light/dark cycle. Food (standard diet
4RF21, Mucedola) and tap water were available ad libitum. The ani-
mals were acclimated for 1 week before the initiation of the study.
Animal experimentation was conducted with the approval of the
government body that regulates animal research in France (Agree-
ment number: AL/23/30/02/13).

DNA fluorescence labeling: Cy5-labeled DNA (Cy5-pCMV-GLuc)
was prepared by use of the Label IT Cy5 Nucleic Acid Labeling Kit
(Mirus, Madison, WI, USA), according to the manufacturer’s instruc-
tions. The labeling density was determined by absorbance meas-
urements at 1 Cy5 molecule/34 bp DNA.

Preparation of liposomes: For the hydrolysis rate measurements
involving *'P NMR spectroscopy, liposomes were prepared by a sol-
vent injection technique.” Briefly, a dry lipid film (10 pmol) was
dissolved in iPrOH (200 pL) and then injected by syringe (flow rate
600 uLmin~") with stirring (stirring speed 400 rpm) into the appro-
priate aqueous buffer medium [800 pL, HEPES (10 mm, pH 7.4) or
AcOK/AcOH (10 mm, pH 4.5)] at 22°C.

Preparation of lipoplexes for in vitro testing: Typically, the appro-
priate volume of a freshly prepared solution of cationic lipid (2 mm
in EtOH) was deposited at the bottom of a 500 uL polyethylene
tube and dried under vacuum. Then, pCMV-FLuc DNA (40 plL at the
required concentration in 4.5% glucose) or siRNA (siLuc or sic,
40 pL at the required concentration in 4.5% glucose) was added to
the resulting lipid film. After stirring by vortex for 30 s, the prepara-
tion was allowed to stand at room temperature for 30 min before
use.

Preparation of lipoplexes for in vivo testing: Typically, compo-
nents of the desired formulation were first mixed at the appropri-
ate molar ratio in CHCl;/MeOH (2:1, v/v) in a glass sample vial. The
solvent was removed under vacuum for at least 3 h. The dried lipid
film was then hydrated for 10 min in pure water and vigorously
vortexed for 2 min to generate liposomes. Lipid/DNA complexes
were prepared by gently mixing equal volumes of liposomes and
DNA. The complexes were allowed to form for 15 min at room
temperature without handling. Finally, the mixture was homogen-
ized by pipetting up and down and subsequently used for in vivo
gene delivery experiments,

DLS measurements: The average particle sizes and { potentials of
lipoplexes were measured with a Zetasizer nanoZS apparatus (Mal-
vern Instruments, Paris, France). All measurements were performed
with freshly prepared lipoplexes (vide supra) at 25°C and in tripli-
cate. Data were analyzed by use of the multimodal number distri-
bution software supplied with the instrument and expressed as
means (£ SDs).

Cell culture: All cell lines were grown in culture flasks at 37°C in
a CO, (5%) humidified chamber. BHK-21, A549, and Calu-3 cells
were grown in DMEM-F12 medium, whereas NCI-H292 cells were
grown in RPMI 1640. For all cell lines, these media were supple-
mented with FBS (10%), vL-glutamine (2mm), penicillin
(100 unitsmL™"), and streptomycin (100 ygmL™"). For A549 and
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Calu-3 cells, DMEM-F12 was also supplemented with HEPES
(5 mm). For NCI-H292, RPMI 1640 was also supplemented with
sodium pyruvate (1 mm) and HEPES (10 mm). Selection of A549-
Luc cells was performed by adding G418 (0.8 mgmL™") to the cul-
ture medium. For experiments, cells were released from culture
flasks with trypsin and transferred to adapted culture devices (see
below).

In vitro DNA transfection experiments: Cells were seeded into
96-well plates (Becton-Dickinson) at a density of 6000 cells/well in
serum (100 pL) containing culture medium. After 24 h, freshly pre-
pared DNA lipoplexes (10 pL; that is, 0.2 pg DNA) were added to
the wells, and cells were then allowed to grow in the incubator
without further handling. Luciferase gene expression was assessed
24 h after lipoplex addition by use of a commercial kit (Promega)
with slight modifications to the manufacturer’s recommendations
as outlined below. Briefly, the cell culture medium was carefully re-
moved. The adherent cells were washed with phosphate-buffered
saline (PBS, 100 uL) and treated with the kit lysis buffer (20 uL) for
15 min. The samples were then diluted with PBS (150 uL), and luci-
ferase content was measured by monitoring light production from
a 5 ulL aliquot sample for 1s upon addition of the luciferin sub-
strate (35 L), with the aid of a luminometer (Berthold Centro
LB960 XS, Thoiry, France). The value for each sample is the mean of
a triplicate determination (£ SD).

siRNA delivery experiments: Freshly prepared siRNA lipoplexes
(40 pL, containing the appropriate siRNA quantity for a quadrupli-
cate) were first diluted with serum-containing culture medium
(360 uL) and then deposited in triplicate (100 pL) into the wells of
an empty culture plate. Subsequently, a suspension of freshly pas-
saged A549-Luc cells (100 uL, 8000 cells) was added to the pre-
plated transfection complexes. Cells were then allowed to adhere
and grow in the incubator without further handling. Luciferase
gene expression was assessed 48 h later as described above,
except that the PBS volume added for the dilution step was differ-
ent (200 pL). The content of luciferase protein in each sample was
reported as the residual luciferase activity relative to untreated
cells (100%). The value for each sample is the mean of a triplicate
determination (£ SD).

Airway gene delivery in mice: The lipoplexes [pCMV-GLuc (40 pg)
in pure water (50 uL)] were administered as single doses into the
lungs of mice by intranasal instillation. Instillations were carried
out under light anesthesia with ketamine (50 mgkg™', Imalgen,
Merial, Lyon, France) and xylazine (3.33 mgkg~', Rompun, Bayer,
Puteaux, France) given intraperitoneally (i.p.). Control animals re-
ceived instillation of the same volume of water. Animals were kept
in a 60° inclined supine position until recovery from anesthesia to
promote airway delivery of the solution through breathing. This
procedure allowed correct and reproducible delivery of the lipo-
plexes all through the respiratory tract up to the alveolar spaces,
as was checked by using a dye. The experiment was terminated at
24 h (unless otherwise stated) by i.p. injection of an overdose of
ketamine and xylazine. The trachea was cannulated to perform
bronchoalveolar lavages. Lungs were washed by two instillations
of ice-cold saline (0.5 mL) supplemented with EDTA (saline-EDTA,
2.6 mm). Bronchoalveolar lavage fluids (BALFs) were centrifuged
(200g, 5 min, 4°C), and the resulting supernatant was stored at
—20°C until cytokine measurements. After thoracotomy, lungs
were perfused in situ through the pulmonary artery with ice-cold
PBS (10 mL), collected, frozen in liquid nitrogen, and stored at
—80°C until assessment of the Gaussia luciferase gene expression.
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Lactate dehydrogenase assay: Measurement of LDH cell release
was used to assess the cytotoxicity of the formulations. Typically, at
the end of each transfection experiment, an aliquot of culture su-
pernatant was transferred into a 96-well assay plate, and LDH activ-
ity was measured by use of a commercial kit (Cytotoxicity Detec-
tion Kit Plus, Roche Applied Science) according to the manufactur-
er's instructions. LDH activity was expressed as the percentage of
the maximum LDH activity measured after treatment of the cells
with the kit lysis solution. The value for each sample is the mean
of a triplicate determination (4 SD). LDH release values of less than
10% were considered insignificant.

Fluorescence-activated cell sorter (FACS) assay: To determine the
cellular uptake of lipoplexes, BHK-21 cells were seeded in 12-well
culture plates at 65000 cells/well in complete culture medium 24 h
before use. The cells were treated with lipoplexes prepared at the
charge ratio N/P=1 and containing Cy5-labeled DNA (2.5 ug/well)
and the cationic lipid of interest with molar Rh-PE (double-labeled
lipoplexes, 1%). Cells were incubated in a CO, (5%) humidified
chamber for 1, 2, or 4h at 37°C. After removal of the culture
medium and washing with PBS, cells were detached from culture
plates by using trypsin-EDTA in PBS (0.5%), pelleted by centrifuga-
tion (120g, 5 min, 4°C), suspended in culture medium (100 uL)
containing FBS (1%), and placed on ice. Just before analysis,
Amido Black (2.5 mgmL™" in serum-free culture medium, 12.9 L)
was added to quench extracellular fluorescence due to residual
lipoplexes associated to the plasma membrane. For each sample,
20000 gated events were evaluated with a 16-color BD FACSAria ll
flow cytometer (Becton Dickinson, San Jose, CA). Rh-PE was excited
at 561 nm, and emission was detected at 610 nm. If FRET was pres-
ent, acceptor emission was additionally detected at 660 nm. Excita-
tion at 561 nm and emitted fluorescence was spatially and tempo-
rarily separated from a second laser, which excited the acceptor at
640 nm. The emitted fluorescence was detected at 660 nm. Thus, it
was possible to measure the donor signal (561/610 nm), the
acceptor signal (640/660 nm), and the FRET signal (561/660 nm) si-
multaneously for each sample. Data acquisition was performed
with BD FACS Diva Software (version 6.1.3) and data analysis with
FlowJo software (version 8.8.7, FlowJo, LLC, Ashland, OR).

Cell imaging: For confocal laser scanning microscopy, A549 cells
were plated into 8-well IbiTreat p-slides (Biovalley, Nanterre,
France) at a density of 30000 cells/well in complete culture
medium 24 h before use. Next, double-labeled lipoplexes (vide
supra, N/P=1, 30 uL) were added. Cells were incubated at 37 °C for
1, 4, or 24 h in a CO, (5%) humidified chamber. Then the culture
medium was removed, and cells were washed with pre-warmed
(37°C) culture medium and stained with LysoSensor green DND-
189 (500 nMm in pre-warmed culture medium, 300 uL) for 30 min to
label endosomal/lysosomal organelles. Before observation, the cul-
ture supernatant was replaced with fresh pre-warmed culture
medium (300 uL), and Amido Black (2.5 mgmL™" in serum-free cul-
ture medium, 35 ul) was added to quench extracellular fluores-
cence due to residual lipoplexes associated to the plasma mem-
brane. The intracellular distribution of lipoplexes was observed by
confocal microscopy with a Leica SP2 microscope equipped with
a 63x oil immersion objective (NA=1.2). DND-189, Rh, and Cy5
were excited with 488, 561, and 635 nm laser diodes, respectively.
The emission bands were detected with a photomultiplier. The
positions and the widths of the detection channels were adjusted
for each dye (DND-189: 500-540 nm, Rh: 580-620 nm, Cy5: 650-
720 nm). Images (1024x 1024 pixels with a pixel size of 116 nm)
were sequentially acquired at 400 Hz for each channel randomly in
the plate. In order to determine the degree of collocation with all
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the possible color combinations, individual spots were identified
with the “Localization microscopy” plugin developed by N. Stuur-
man for uManager software.*® In practice, a region of interest of
4x4 pixels (464 x464 nm) was defined for each individual frame.
Then, spatially separated point spread function signals emitted by
diffraction-limited spots were detected by means of local maxima
and fitted with a 2D Gaussian distribution. By using this approach,
it was possible to obtain the positions of endosomes (DND-189),
lipoplexes (Rh), and labeled DNA (Cy5) for each individual image.
Next, the position list obtained for a specific channel was used to
determine the presence or the absence of the two other colors. To
avoid false positives, a threshold was used to filter out spots with
fluorescence signals below twice the background level. By applying
this method, it was possible to generate collocation trace (color 1
vs. color 2) from which the degree of collocation was obtained
(Pearson’s correlation coefficient). In addition, by removing from
the analysis the color 1 particles that do not overlap with the
color 2 particles and vice versa, it was possible to determine the
percentage of particles displaying colors 1 and 2 and collocating
with color 3. Finally, the fraction of lipoplexes exhibiting FRET was
evaluated by imaging the sample with a 561 nm laser and record-
ing the signal in the Cy5 channel.

Cytokine assays: IL-6 and KC were measured in BALFs by use of
ELISA kits, according to the manufacturer’s instructions (BD Biosci-
ences, Le Pont de Claix, France).

Statistics: Data are presented as means =+ SDs. Statistical differen-
ces between groups were determined by one-way analysis of var-
iance (ANOVA) followed by the Tukey or the Dunnett multiple
comparison test, with use of KaleidaGraph 4.5 software (Synergy
Software, Reading, PA, USA). Data were considered significantly dif-
ferent when p <0.05 (¥).
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Cationic DOPC-Detergent Conjugates ARG

for Safe and Efficient in Vitro and in

Pulmonary delivery: Biolabile DOPC- flect their biodegradability and the sur-
Vivo Nucleic Acid Delivery C,,E, conjugates were developed as nu-  face active properties of the detergent
cleic acid carriers for in vitro and in vivo released in situ. Thus, they might act as
gene delivery. Their transfection efficien- DNA carriers for gene therapy local ad-
cy and safety profile in mouse lung re- ministration through the airways.
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