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Abstract: Genospheres are cationic lipid—nucleic acid nanoparticles prepared by the assembly
of the lipids and nucleic acids from an agueous/organic liquid monophase that independently
dissolves the components, where the resultant particles are homogeneously sized (70—110
nm), with efficiently incorporated and protected DNA. In the present study, we demonstrate
pH-dependent modulation of the Genosphere surface charge using pH-titratable lipids. By
incorporation of the lipids with titratable anionic or imidazole headgroups, Genospheres with
neutral or anionic surface charge at neutral pH were produced and compared for cellular uptake
and transfection of a reporter gene (luciferase) in culture of breast cancer cells. The extent of
particle—cell association was also studied by fluorescent microscopy and quantified by
cytofluorometery. The effects of Genosphere surface modification with poly(ethylene glycol)
(molecular weight 2000) at low (0.5 mol %) and high (5 mol %) grafting densities, as well as the
effects of HER2-receptor-directed targeting by an internalizable anti-HER2 scFv F5, linked via
PEG spacer, were also studied. Inclusion in the Genosphere formulation of pH-titratable lipids
CHEMS (cholesteryl hemisuccinate), CHIM (1-(3-(cholesteryloxycarbonylamino)propyl)imidazole),
or DSGG (1,2-distearoyl-sn-glycero-3-hemiglutarate) rendered the particles surface-charge
neutral or slightly anionic at neutral pH, and cationic at mildly acidic pH, as shown by ¢-potential
measurements. In HER2-targeted systems, transfection activity and target specificity with HER2-
overexpressing SKBR-3 breast cancer cells were dependent on Genosphere surface charge
and PEGylation. The highest target specificity correlated with low cationic charge at neutral pH,
while incorporation of 5 mol % PEG-lipid had only minor effects on Genosphere-cell association,
internalization, and transfection activity. The implications of this work for potential in vivo
applications are discussed.
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Introduction state. The advantages of using nonviral delivery strategies

The success of gene therapy relies on delivering nucleic
acid efficiently to its cellular target in a functionally intact

include lower toxicity, inexpensive components, and the ease
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of attaching cell surface targeting ligands. Variations of  Targeted delivery of nucleic acids is an important con-
complexes formed from the electrostatic interactions betweensideration when designing a delivery vehicle. Targeting
nucleic acid and cationic liposomes (lipoplex), usually made promotes increased delivery to the cells of interest with
with an excess of cationic charge, have been used as deliverndecreased nonspecific delivery to other cells. As release and
vehicles in vitrd and in vivo? subsequent intracellular delivery is more difficult to control
However, poor pharmacokinetic characteristics with the for nucleic acids compared to small molecular weight drugs,
majority of sample typically accumulating in the first-pass molecular targeting provides a promising strategy for specific

organs (lung, liver, and spleen) shortly after injectian, and efficient intracellular nucleic acid delivery.
conjunction with high inflammatory toxicity, serologic Previously, we have shown that DNAipid particles
toxicity, and hepatotoxicity may limit their utility in vivé. (Genospheres) could be formed under conditions where lipid

It is known that the increased efficacy of many anticancer and DNA are each soluble, either in molecular or micellar
liposomal formulations over free drug is in part due to their form, prior to their combinatiort*2Such conditions promote
longer circulation times and natural accumulation in diseased more favorable interactions between DNA and cationic lipids,
tumor sites, leading to high drug concentrations in close and eliminate the bilayer structural rearrangements that occur
proximity to tumor cells. Recent DNAlipid complex when DNA interacts with preformed cationic liposoniés.
preparation methods have been devised that attempt toThe Genosphere nanoparticles were small in size-(8®
modify the properties of the complexes to enhance the nm) and afforded excellent protection to the entrapped DNA
prospects of tumor localization, and therefore produce morein the presence of human plasma. In addition, they were
suitable candidates for in vivo uée’ To further increase  capable of being immunotargeted to selectively transfect
the efficacy of lipid based gene delivery, researchers haveHER2 overexpressing cells by insertion of an anti-HER2
often adopted some of the approaches that have been useduman single-chain monoclonal antibody (scFRPEG con-
successfully to enhance liposomal drug delivery, including jugate.
PEGylation The reduction of excess cationic surface charge  In the present work, we describe how altering the surface
has also been shown to contribute to longer circulation times properties of these particles affects their interactions with
in a variety of these DNAlipid particle assemblie%? cells and the efficiency of gene expression in vitro. Various
Recently a technique involving the selective reduction of lipid components were utilized to modulate surface charge,
thiocholesterol-based cationic lipids on the outer surface of which affected cell binding, internalization, and transfection
particles has been used to obtain charge-neutral partftles. efficiency. A neutral PEG-diacylglycerol analogue was used
to enhance the steric stability of the particles without
(1) Felgner, P. L.; etal. Lipofectin: a highly efficient, lipid-mediated ~ affecting surface charge. We used an anti-HER2 human

DNA-transfection proceduré®roc. Natl. Acad. Sci. U.S.A987, single-chain monoclonal antibody (scRBEG conjugate to

84, 7413-7417. facilitate intracellular delivery of the Genospheres and
(2) zhang, J.-S; Liu, F.; Huang, L. Implications of pharmacokinetic - gelectively enhance gene transfection efficiency. Finally, we

behavior of lipoplex for its imflammatory toxicityAdv. Drug di : : : :
scuss the potential of Genospheres for various in vivo
Delivery Re. 2005 57, 689-698. S P P
applications

(3) Barron, L. G.; Gagne, L.; Szoka, F. C. J. Lipoplex-mediated gene
delivery to the lung occurs within 60 minutes of intraveneous
administrationHum. Gene Therl999 10, 1683-1694. Results

(4) Wheeler, J. J.; et al. Stabilized plasmid-lipid particles: construction  Construction and Characterization of Genospheres.
and characterizatiorGene Therl1999 6, 271-281, _ The mixing of the nucleic acid solution to the lipid solution

(5) Pastorino, F; et al. Targeted liposomamge antisense oligo- 5, ‘5004 () aqueous ethanol medium at-F& °C, and
nucleotides induce apoptosis and inhibit tumor growth and .
metastases in human melanoma mod@ls. Cancer Res2003 subsequent removal of the ethanol by vacuum evaporation
9, 4595-4605. or dialysis at room temperature, effected the self-assembly

(6) Maurer, N.; et al. Spontaneous entrapment of polynucleotides upon of Genosphere¥. The resulting particles had size distribu-
electrostatic interaction with ethanol-destabilized cationic lipo- tions with a volume-weighted average of-8050 nm and a
somesBiophys. J2001, 80, 2310-2326. ~ standard deviation of 3565 nm as determined by dynamic

(7) Jeffs, L. B.; et al. A scalable, extrusion free method for efficient light scattering. The extent of DNA and lipid encapsulation

g%i%?g' encapsulation of plasmid DNRharm. Res2005 22 in the particles under these conditions is typically over 90%;

(8) Semple, S.; et al. Efficient encapsulation of antisense oligonucle-
otides in lipid vesicles using ionizable aminolipids: formation of (11) Hayes, M. E.; et al. Assembly of nucleic acid-lipid nanoparticles

novel multilamellar vesicle structureBiochim. Biophys. Acta from agueous organic monophas@&iochim. Biophys. Acta006
2001, 151Q 152-166. 1758 429-442.

(9) Stuart, D. D.; Kao, G. Y.; Allen, T. M. A novel, long-circulating,  (12) Hayes, M. E.; et al. Genospheres: Self-assembling nucleic acid-
and functional liposomal formulation of antisense oligodeoxy- lipid nanoparticles suitable for targeted gene deliv&gne Ther.
nucleotides targeted against MDRJancer Gene The200Q 7, 2006 13, 646-651.

466—-475. (13) Huebner, S.; Battersby, B. J.; Grimm, R.; Cevc, G. Lipid-DNA

(10) Huang, Z.; Li, W.; MacKay, J. A.; Szoka, F. C. Thiocholesterol- complex formation: reorganization and rupture of lipid vesicles
based lipids for ordered assembly of bioresponsive gene carriers. in the presence of DNA as observed by cryoelectron microscopy.
Mol. Ther.2005 11, 409-417. Biophys. J.1999 76, 3158-3166.
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Table 1. E-Potentials (¢) of Genospheres at Different pH#¢

. £ (mv)
composition Genosphere
sample formulation (nmol/ug of DNA) size (nm) pH 5.5 pH 7.0
DOTAP/POPC/Chol 6/15/10 (A) 93.8 +41.7 nd? +116.04(3)
DOTAP/POPC/Chol/CHEMS/CHIM 6/25/7/6/3.67 (B) 88.9 +48.9 +95.1(4) ~0(1)
6/18/6/5/1 81.1 +43.6 +70.9(3) —6.1(1)
5/25/7/6/3.67 88.2 +51.1 +70.1(3) -3.9(3)
5/15/3/5/2 96.8 + 39.6 +55.3(5) —6.0(1)
5/15/5/5/1 82.7 +£40.9 +55.2(3) —1.2(1)
6/25/6/9/1.67 100.5 £ 39.5 +37.6(3) —30.8(3)
5/25/6/8/2.67 89.0 +45.7 +24.19(3) —24.94(3)
5/25/6/9/1.67 98.6+ 47.0 +24.0(3) —39.3(3)
6/25/5/10/1.67 115.7 + 43.1 +16.7(3) —32.8(3)
DOTAP/POPC/Chol/DSGG 6/25/16.67/5 785+ 45.6 +82.69(2) +46.394)
5/25/16.67/6 (C) 149.2 £ 60.6 +23.693) —18.14(3)
DOTAP/POPC/Chol/DSGG/CHIM 6/25/14.67/4/2 124.4 + 63.8 +59.29(3) +25.59(4)

2 Genosphere samples were prepared as described in Materials and Methods. lonizable headgroups: DOTAP, a quaternary amine; CHEMS,
aweak acid, pKz = 5.1; CHIM, a weak base, pKa = 6.65; DSGG, a weak acid, pKy = 5.1. The samples were divided into two groups (approximately
50 ug of DNA per sample) and dialyzed against either 5 mM Na-HEPES, 5% (w/w) sucrose, pH 7.0, or 5 mM Na-MES, 5% (w/w) sucrose, pH
5.5. b Not determined. ¢ Measured in 5 mM Na-HEPES, pH 7.4 with 5% (w/w) sucrose). ¢ Solutions contain 5 mM NacCl in addition to the indicated
buffers and sucrose. Electrophoretic mobilities were measured with a Beckman-Coulter Delsa 440-SX, and ¢-potentials were calculated as
previously described. Uncertainties of the {-potentials are 5% or less, and the number of electrophoretic runs for each data point is given in
parentheses. € In line 1, the -potential reported for Genospheres prepared with DOTAP/POPC/Chol 6/15/10 (nmol of lipid/ug of DNA) at pH 7.0
is an estimate. Due to an uncertainty in ionic strength, the measured mobility was greater than the predicted O’'Brien—White maximum value.
The actual ¢-potential is estimated to lie between +58 mV (Smoluchowski value) and +116 mV (O’Brien—White value at the mobility maximum).

therefore the lipid and DNA compositon of the particles cytoplasmic delivery of the DNA once in the cell. Therefore,
closely follows the composition of the initial lipilDNA in order to construct Genospheres whose positive surface
mixture. The proportion of DNA accessible to the environ- charge would decrease at neutral pH but increase upon
ment as determined by a DNA-binding dye (PicoGreen) acidification typical for endosomes, pH-titratable lipids
accessibility assayof the Genospheres in the present study (Figure 1) were included in the formulations.

was ~20%. In contrast, lipoplex particles, prepared by  Titratable lipids can be cationic or anionic and their net
complexation of plasmid DNA with premade cationic lipo- charge can be altered in a physiologically relevant pH range
somes, tend to encapsulate DNA rather incompletely, with (4.5-7.5). Cationic titratable lipids increase their positive
higher proportions of the DNA “accessible” to the dye. charge at low pH and diminish it at neutral or slightly basic
Previously, we found that lipoplexes of identical lipid and pH. The lipophilic imidazole derivatives behave as cationic
nucleic acid compositon had considerably higher dye acces-titratable lipidst® cholesteryl imidazole (CHIM) being an
sibility for DNA than the particles produced by the Geno- example. Anionic titratable lipids reduce their negative

sphere method: charge at low pH, and increase it at neutral or slightly basic

Engineering the Charge on Genosphere ParticleS'he pH. Examples of anionic titratable lipids are fatty acids,
surface ionic charge of Genospheres was characterized bysuccinyl and glutaric esters of lipids, such as cholesteryl
electrophoretic mobility and expressed in term§-piotential ~ hemisuccinate (CHEMS), dioleoyglyceride hemisuccinate

(). &-Potentials were calculated from the mobilities by the (DOGHEMS), and distearoylglyceride hemiglutarate (DSGG)
O’Brien—White algorithm’* using particle sizes determined (see Figure 1A D). Genospheres with incorporated titratable
by dynamic light scattering and ionic strengths determined |ipids were prepared, mobilities measured, drgbtentials

by conductometry. The O’BrienWhite calculations are  calculated at acidic and neutral pH (Table 1). While the
necessary when the Debye screening lengtH)(is non- inclusion of titratable lipids did not significantly affect the
negligible compared to the particle size, which was the Caseaverage partic|e size (range1—7846 nm), the partide surface

in our study. In the case of nontitratable cationic lipids, charge changed noticeably between pH 5.5 and pH 7.4. At
Genosphere constructs were prepared with approximately twopH 5.5, typical of endosomes or lysosomes, all the Genos-

ionic equivalents of cationic lipid to one ionic equivalent of phere constructs had a positigeindicating the presence of
DNA. At near-neutral pH (5 mM HEPES, 5% (w/w) sucrose

at pH 7.4), these patrticles had positi/€Table 1). However,
the positive surface charge is unfavorable for iv targeted gene(ls)
delivery using lipid-based carriet3,while favorable for

Mastrobattista, E.; van der Aa, M. A. E. M.; Hennik, W.;

Crommelin, D. Atrtifical viruses: a nanotechnological approach

to gene therapyNat. Re.. Drug Discaery 2006 5, 115-121.

(16) Solodin, I.; et al. A novel series of amphiphilic imidazolinium

(14) O'Brien, R. W.; White, L. RJ. Chem. Soc., Faraday Trans. 2 compounds for in vitro and in vivo gene deliveiochemistry
1978 74, 1607. 1995 34, 1353713544,
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Figure 1. The chemical structures of Genosphere-modifying lipids used in this work: (a) 1,2-distearoyl-sn-glycero-3-hemiglutarate
(DSGG); (b) 1,2-dioleoyl-sn-glycero-3-hemisuccinate (DOGHEMS); (c) cholesteryl hemisuccinate (CHEMS); (d) 1-(3-(choles-
teryloxycarbonylamino)propyl)imidazole (CHIM); (e) N-[w-methoxy-(poly(oxyethylene)-a-oxycarbonyl)]-DSPE (PEGzg00) (PEG-
DSPE); (f) 2,3-distearoylglycerol 1-monomethoxypolyethyleneglycol ether (PEG2000) (PEG-DSG).

un-neutralized cationic lipid charges. Addition of the anionic Genospheres by coincubation with the -H#popolymer
titratable lipid derivatives caused a reductiorjrdetectable  conjugate (F5-scFvPEG-DSPE}/*° Grafting of PEG on
at low pH and much more prominent at neutral pH. In some the Genosphere surface at various densities (0.5 mol % and
instances this caused the charge to change sign, indicating & mol % of the total lipid) was achieved by inclusion of a
functioning pH-dependent “switch” of surface charge. Five charge-neutral PEG-lipid derivative, PEG-DSG, in the lipid
of the formulations studied had values close to O (i.e.,  mixture prior to complexation of DNA.
deviating less than 10 mV) at neutral pH and were, therefore, The effect of PEGylation, charge, and anti-HER2-antibody
designated as “neutral”. Formulations containing CHEMS targeting on the degree of Genosphere association with
and CHIM showed the largest amplitude of surface charge HER2-overexpressing cells was characterized qualitatively
switch, in the range of 5096 mV.
The Effect of Charge, Degree of PEGylation, and Anti- (17) Nielsen, U. B.; et al. Therapeutic efficacy of anti-ErbB2 immu-
HER2-Antibody Targeting on Cell Association and Trans- noliposomes targeted by a phage antibody selected for cellular
fection Activity of Genospheres. On the basis ofg endocytosisBiochim. Biophys. Act2002 1591, 109-118.
measurements, we selected for further studies three Geno{18) Nellis, D. F.; et al. Preclinical manufacture of an anti-HER?2 scFv-
: : " PR PEG-DSPE, liposome-inserting conjugate. 1. Gram-scale produc-
sphere formulations, having cationic, neutral, or anionic ton o purifigation.Biotechno?. Pr;ggOOS 21 208290, P
surface chargg at neutral pH (Table 1, fqr_m,UIat'onS, A’,B’ (19) Nellis, D. F.; et al. Preclinical manufacture of anti-HER2 liposome-
and C, respectively). To effect target-specific internalization inserting, scFv-PEG-lipid conjugate. 2. Conjugate micelle identity,
of Genospheres into cells, a hlghly internalizable anti-HER2 purity, stability, and potency analysiBiotechnol. Prog.20053
scFv fragment (F5)'® was attached to the surface of 21, 221-232.
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Figure 2. Representative fluorescent microscopy pictures of SKBR-3 cells incubated with Genospheres of various surface
charge and PEGylation. Panels: neutral anti-HER2 targeted and nontargeted Genospheres with 0.5% PEG-DSG (panels a and
b, respectively); anionic targeted and nontargeted Genospheres 5% PEG-DSG (panels ¢ and d, respectively). The lipoplex
formulation with 5% PEG-DSG is shown in panel e, and cells with no treatment are shown in panel f. Fluorescent and phase
contrast modes are displayed on the top and bottom respectively for each panel.

by fluorescence microscopy (Figure 2) and quantified by  The transfection activity of anti-HER2 immunoGenos-
cytofluorometry (Figure 3) using Genospheres and lipoplexes pheres, as well as of nontargeted Genospheres and lipoplexes
containing a fluorescent lipid label. HER2-directed antibody in HER2-overexpressing SKBR-3 cells, is shown in Figure
targeting significantly increased the extent of cell association 4. The activity for targeted Genospheres at low and high
of the particles in a manner dependent both on particle chargePEG-DSG content was comparable to that obtained for the
and on degree of PEGylation. Reducing the cationic chargelipoplex formulation with 0.5 mol % PEG-DSG. Lipoplexes
and increasing the PEG-DSG content to 5 mol % signifi- with high PEG-DSG content had low transfection activities.
cantly increased the specificity of targeting neutral and Remarkably, the transfection efficiency of the plasmid
anionic particles as judged by the magnitude of increase indelivered by the HER2-targeted Genospheres \ess
the average fluorescence intensity. It was apparent thatdependent on the degree of PEGylation. Targeted prepara-
cationic Genospheres and lipoplexes bound to the cells in ations showed enhanced transfection activities over their
relatively nonspecific manner. However, while higher PE- nontargeted counterparts, with neutral and anionic Genos-
Gylation attenuated the cellular association of cationic pheres exhibiting the largest increases in activity (167- and
Genospheres, it did not affect lipoplex binding. 850-fold, respectively). The lower transfection activities of

In addition to increased association with the receptor- the nontargeted preparations varied with surface charge and
overexpressing cells, targeted preparations rapidly entereddegree of PEGylation. Generally, the cationic particle
the cells forming a characteristic punctate perinuclear pattern,exhibited higher nonspecific transfection at both PEG-DSG
indicative of endosomal/lysosomal localizatift (Figure

2, panels a and c). Nontargeted Genospheres displayed onl§20) _ . ) _ :
eak bindina and primarily localized at the cell surface liposomes: Design and targeting to human breast cancer cells in
w 9 P y vitro. Biochemistry1997, 36, 66—75.

(Figure 2, panel_s b and d), while the lipoplexes qppeared to (21) Meyer, O.; et al. Cationic liposomes coated with polyethylene
be located both intracellularly and surface bound in a pattern glycol as carriers for oligonucleotides. Biol. Chem1998 273
different from that of targeted Genospheres. 1562115627.

Kirpotin, D. B., et al. Sterically stabilized anti-HER2 immuno-
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Figure 3. Cytofluorometric analysis of the uptake of fluores-
cently-labeled Genospheres and lipoplexes by SKBR-3 cells.
Signal intensity histograms of cells incubated with fluores-
cently labeled Genospheres. Nontargeted (panels A, C) or
HER2-targeted, scFv-conjugated Genospheres (panels B, D)
containing either 0.5 mol % (panels A, B) or 5 mol % (panels
C, D) PEG-DSG. Genosphere compositions are in nmol of
respective lipids per ug of DNA: cationic (green lines),
DOTAP/POPC/DOPE/Chol (6/12/3/10); neutral (red lines),
DOTAP/POPC/DOPE/Chol/CHEMS/CHIM (6/20/5/7/6/3.67);
anionic (orange lines), DOTAP/POPC/DOPE/Chol/DOGHEMS
(5/20/5/16.67/6). DOTAP/DOPE (12/12) lipoplexes with “low-
0.5% PEG-DSG” and “high-5% PEG-DSG” (black lines) are
displayed alongside the nontargeted particles in panels a and
c, respectively. Blue lines are nontreated cells (autofluores-
cence controls).

concentrations, and is in agreement with the results found
previously using folate-targeted liposomal entrapped polyl-

Targeted/Non-targeted activities
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Figure 4. Luciferase expression in SKBR-3 cells following
incubation with Genospheres of varying surface charge and
degree of PEGylation. The Genosphere compositions are
given in the Figure 2 legend. Hatched and filled bars represent
targeted and nontargeted particles, respectively (n = 3).
Labels “low” and “high” refer to complexes containing 0.5 and
5 mol % PEG-DSG (total lipid), respectively. Numbers above
the bars indicate ratios of activities for targeted Genospheres/
activities for nontargeted Genospheres.

ysine-condensed DNA. In contrast, in the absence of a
targeting ligand, the levels of transfection activity for both
the neutral and anionic particles decreased with additional
PEGylation and increasing anionic surface charge.

However, the levels of gene expression of the targeted
particles did not always correlate with the levels of cell
association. For the targeted cationic and neutral Genospheres
with low PEG-DSG content (0.5 mol %), cell association
and transfection correlated well, with neutral particles having
approximately twice the cell association and transfection
levels of the cationic particles. In the case of anionic particles
having lower positive charge attainable under endosomal/
lysosomal pH levels, gene expression was considerably
reduced even in the presence of the targeting ligand, although
the target-dependent cell association was of the same
magnitude as that of targeted cationic and neutral particles.
On the other hand, lipoplexes with low PEGylation had
transfection activity equal to that of the targeted neutral
particles with 0.5% PEG-DSG, while having 8 times less
cell association.

At higher PEG content (5 mol %), the targeted neutral
and anionic Genospheres had similar cell association values,
but the neutral Genosphere was approximately 3 times more
active in the transfection assay. In agreement with our
previous findings, higher PEGylated lipid content did not
substantially inhibit the activity of the targeted cationic
Genospheres, and moreover had very little effect on the
activity of the neutrally charged targeted Genospheres. In

(22) Lee, R. J.; Huang, L. Folate-targeted, anionic liposome-entrapped
polylysine-condensed DNA for tumor cell-specific gene transfer.
J. Biol. Chem.1996 271, 8481-8487.
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contrast, increased levels of PEG-DSG (5 mol %) rendered
lipoplexes substantially less active (65 times lower) than
lipoplexes containing 0.5 mol % PEG-DSG, even though
the cell association values were similar.

As a control, the transfection activity of the targeted and
nontargeted neutral formulation (with 5% PEG-DSG) in a
non-HER2 overexpressing cell line (MDAMB468) were
similar at 0.03+ 0.02 and 0.04t 0.02 ng luciferase/mg
cell protein, respectively. Under identical conditions, a
commercial transfection formulation (Lipofectamine 2000)
complexed with the same plasmid gave luciferase values
approximately 20,000 times higher.

Discussion

Previously, we described a methodology for producing
small, stable, target-selective particles (Genospheres) from
lipids and nucleic acids micellarly or molecularly dissolved
in a mixture of water and infinitely water-miscible organic
solvent that can be used for delivery of therapeutic nucleic
acids!! Initially, Genospheres were constructed with excess
cationic lipid. Genospheres formed with-6 nmol of a
cationic lipid perug of plasmid DNA, which gives a positive/
negative charge ratio of 1.62, assuming the average
nucleotide weight of 330. This was enough cationic lipid
charge to completely neutralize the DNA phosphate charge
and ensure stability, as well as highly efficient entrap-
ment of the nucleic acid (plasmid DNA) during formation
of the particle. However, the uptake of such particles by
tumors may be impaired due the presence of persistent
cationic charge that increases the particle clearance an
accumulation in vascular sites other than tumors. Reducing
the cationic charge on lipid carriers promotes longer circula-

tion times, decreases interactions with opsonins and uptake

by macrophages, and reduces nonspecific interactions with
cell surface$??4To avoid excessive positive surface charge
of a DNA—Ilipid particle while in the bloodstream, and at
the same time provide for sufficient cationic charge to effect
intracellular transfection, we took a 2-fold approach. First,
we partially substituted titratable anionic and/or cationic lipid
for a strongly charged cationic lipid species (such as lipids
with quaternary-amine headgroups, e.g., DOTAP) in the
particle formulation (Table 1). As the entrapment of DNA
was carried out at a reduced pH (pH 5.5), the particles
containing anionic titratable lipids in an amount enough to
bring the particle’s surface charge at neutral pH (pH 7.0) to
close to neutral, or even anionic, still entrapped the plasmid
very effectively. Upon a change of pH from 7.0 to 5.5, the
particles containing nontitratable cationic lipid components
along with the titratable anionic lipids showed an amplitude

(23) Chonn, A.; Semple, S. C.; Cullis, P. R. Association of blood
proteins with large unilamellar liposomes in vivd.Biol. Chem.
1992 267, 18759-18765.

(24) Semple, S. C.; Chonn, A.; Cullis, P. R. Interactions of liposomes
and lipid-based carrier systems with blood proteins: Relation to
clearance behavior in vivAdv. Drug Delivery Rev. 1998 32,
3—17.
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of the charge change of about 40 mV. Addition of a titratable
cationic lipid (positive-to-neutral), along with the charge-
changing anionic lipid (neutral-to-negative), increased the
amplitude of the charge change to-580 mV (Table 1),
producing more effective transfecting particles (Figure 4).
The strategy of modulating surface charge in DNA/lipid
microparticles, using lipids with titratable amines as the
cationic component at low pH, is known; however, the
entrapment efficiencies of the nucleic acids in such particles
are limited® Supplementing a titratable aminolipid with a
strongly cationic lipid component, counterbalanced at neutral
pH with a titratable anionic lipid component, seems to
improve the entrapment of DNA and patrticle recharging upon
cytophysiologically relevant acidification.

Second, we used a ligand-directed “active targeting” ap-
proach to achieve specific uptake of the Genospheres into
acidifying intracellular compartments via receptor-mediated
endocytosis. While cationic particles have natural and often
nonspecific tendency to bind to cell surfaces and become
endocytosed,neutral or anionic lipid particles are taken up
much less, as we also observed in our cytofluorometric
studies (Figure 3a,c). To make Genospheres targetable, they
were incubated with the micelles of a lipopolymer (PEG-
DSPE) conjugated to a ligand (scFv antibody) to the free
terminus of the PEG chain, effecting “insertion” of the DSPE
anchor in the outer lipid bilayer of the Genosphere particle
and appending the ligand, via PEG spacer, to the particle
surface, as we described previouSlyHER2, a tyrosine
kinase receptor of EGFR family, was chosen as a targeting
pitope. HER? is a validated target for anticancer therapeutic
strategies, as it is a readily accessible surface antigen, is
overexpressed in many cancer cell types such as breast, lung,
and ovarian carcinom#8?® and is essential for tumor
progression. A single chain Fv antibody ligand, F5, is highly
internalizable by HER2-overexpressing c&lend effectively
internalizes appended lipid nanoparticles, such as liposomes,
in vitro!” and in vivo?® Conjugation of F5 scFv with mal-
eimide-terminated PEG-DSPE via C-terminally engineered
cysteine residue produced stable, water-soluble, miceltar F5
PEG-DSPE conjugate, that, upon incubation with liposomes,
self-inserted into the outer monolayer of the liposome
membrane, forming anti-HER2 immunoliposonté&®

This targeting strategy leads to a more than 100-fold
increase in luciferase reporter gene expression in HER2-
overexpressing celfg.In the present report, we observe a

(25) Salomon, D. S.; Brandt, R.; Ciardiello, F.; Normanno, N.
Epidermal growth factor-related peptides and their receptors in
human malignancie€rit. Rev. Oncol. Hematol1995 19, 183—

232

(26) Scholl, S.; Beuzeboc, P.; Pouillart, P. Targeting HER2 in other
tumor typesAnn. Oncol.200], 12, S81-S87.

(27) Neve, R. M,; et al. Biological effects of anti-ErbB2 single chain
antibodies selected for internalizing functi@iochem. Biophys.
Res. Commur001, 280, 274-279.

(28) Kirpotin, D. B.; et al. Antibody targeting of long-circulating lipidic
nanoparticles does not increase tumor localization but does
increase internalizatiorCancer Res2006 66, 6732-6740.
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5- to 850-fold enhancement of luciferase expression with endocytosis, forming distinct, punctate perinuclear patterns
targeted Genospheres compared to nontargeted Genospheresvealed by epifluorescent microscopy of the liposomal
in SKBR-3 cells, while in human breast carcinoma cells with fluorescent labet® In this study we observed a similar
low expression of HER2 (MDA-MB-468), the expression intracellular pattern of the fluorescently labeled HER2-
was not increased by attachment of HER2-specific, inter- targeted Genospheres (Figure 2) after incubation with the
nalizable scFv ligand. The HER2-directed targeting of same cell line, suggesting that HER2-targeted Genospheres
Genospheres increased the level of reporter gene expressiowere similarly internalized via HER2-mediated endocytosis.
in absolute terms, and decreased the dependence of trans- The steps subsequent to the receptor-mediated endocytosis
fection efficiency on the particle charge and the density of of the targeted Genospheres and the mechanisms that govern
particle surface coating with sterically stabilizing hydrophilic the release of DNA with further entry into cytoplasm and to
polymer (PEG) (Figure 4). The charge-changing Genosphereshe nucleus are as yet unclear. An interesting observation is
that were neutral at neutral pH and had an increased PEGthat charge-changing Genospheres which contained an imi-
coating (5 mol %) showed increased selectivity of transfec- dazole-lipid derivative CHIM were more active than those
tion in the HER2 overexpressing cells compared to our that did not (formulations B and C, Table 1; Figure 4). This
previously described nontitratable cationic Genospheres. might be related to additional cationic charge from the
Surface coating with a hydrophilic polymer terminally protonation of an imidazole ring, by the “proton sponge”
grafted to lipid residues is a recognized method for improve- effect observed with imidazole-containing transfection re-
ment of blood stability and longevity of lipidic microcarri-  agents? or both, leading to the rupture of endosomes and
ers?%30The effect of surface PEGylation on the association escape of the particles into cytoplasm. It was hypothesized
and transfection activity of Genospheres was studied usingthat the anionic lipids normally found on the cytoplasmic
a charge-neutral PEG-lipid derivative, PEG-DSG (Figure 1), facing side of an endosome interact with the cationic lipid
to avoid imparting additional negative charge carried by a and cause a destabilization of the cationic lipINA
more conventional PEG-lipid, PEG-DSPE. Reducing the complex33 The observation of lower transfection activity of
magnitude of cationic surface charge alone diminished “anionic” Genospheres that attain less positive surface
nonspecific Genosphereell interactions regardless of the potential upon contact with acidified endosomal interior
PEG-DSG content. We previously observed that addition of (commonly reported pH for endosomal interior is %)0
PEG-DSPE to nontargeted lipoplexes inhibited transfection seems to support this hypothesis.
in a PEG-DSPE dose-dependent marfhén. this study we Despite 8-times-lower levels of cellular association for
observed a similar effect, with transfection activity of 5 mol lipoplexes, that is, complexes of plasmid DNA with premade,
% PEG-DSG lipoplexes having onty1.5% of the activity small cationic lipid vesicles, they showed the same trans-
of 0.5 mol % PEG-DSG lipoplexes. Increasing surface fection activity as targeted, neutral Genospheres. We believe
density of PEG chains further reduced nonspecific, i.e., that the combination of increased amounts of the polymor-
targeting-independent, association of Genospheres with thephic lipid DOPE, and the nonspecific mode of cellular uptake
cells. However, addition of a targeting ligand restored the by highly cationic lipoplexes, may contribute to the higher
transfection activity, leading to increased specificity of transfection activity. However, the loss of specificity, ag-
transfection. HER2-targeted Genospheres with 5 mol % PEG-gregation stability, and DNA protection against degradéation
DSG transfected HER2-overexpressing cells in vitre-15 are unacceptable tradeoffs in the choice of lipoplexes vs
45 times more efficiently than DOTAP/DOPE cationic Genospheres for future in vivo systemic applications. Unlike
lipoplexes with similar PEG-DSG content, and the neutrally lipoplexes, Genospheres stably entrapped DNA within the
charged, PEGylated, HER2-targeted Genospheres were thédipid matrix of the particle, shielding the DNA from nuclease
most active (Figure 4). Higher PEGylation of Genospheres degradation even in the presence of human plasma, as
(2—5 mol % PEG-DSPE compared to 0.5 mol % PEG- measured both by an intercalating dye assay and by a DNase
DSPE) also improves the particle size stability in the presenceenzymatic degradation ass#y.
of human plasm& Comparing Genospheres with two other well-known
Anti-HER2 immunoliposomes are rapidly taken up by methodologies for formulating DNAlipid particles, we
SKBR-3 cells into acidifying compartments (endosomes and found that Genospheres exhibited the unexpected combina-
lysosomes), consistent with coated pit receptor-mediatedtion of small size, high degree of lipid and DNA incorpora-
tion, and narrow particle density distributi®fiThis indicated

(29) Drummond, D. C.; et al. Optimizing liposomes for delivery of

chemotherapeutic agents to solid tumdétBarmacol. Re. 1999 (32) Veron, L.; et al. New hydrolysable pH responsive cationic

51, 691-743. polymers for gene delivery: a preliminary studylacromol.
(30) Papahadjopoulos, D.; et al. Sterically stabilized liposomes: im- Biosci. 2004 4, 431—-444.

provements in pharmacokinetics and antitumor therapeutic ef- (33) Xu, Y.; Szoka, F. C. Mechanism of DNA release from cationic

ficacy. Proc. Natl. Acad. Sci. U.S.A991, 88, 11460-11464. liposome/DNA complexes used in cell transfectiBiochemistry
(31) Hong, K.; Zheng, W.; Baker, A.; Papahadjopoulos, D. Stabilization 1996 35, 5616-5623.

of cationic liposome-plasmid DNA complexes by polyamines and (34) Drummond, D. C.; Zignani, M.; Lerouz, J.-C. Current status of

poly(ethylene glycol)-phospholipid conjugates for efficient in vivo pH-sensitive liposomes in drug deliveriyrog. Lipid Res200Q

gene deliveryFEBS Lett.1997, 400, 233—-237. 39, 409-460.
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good particle homogeneity and leads us to suggest that theered to be sufficiently protein-free, with @asonnAzsonmratio
Genosphere methodology may serve as a good tool forof at least 1.85.
producing uniform nucleic acid carrying particles that are  Synthesis of 1,2-Distearoybn-Glycero-3-Hemiglutarate
stable enough to be used in vivo. (DSGG). 1,2-O-Dioctadecylsnglycerol (0.2 g, 0.335 mmol),
Successful in vivo gene delivery may require not just a glutaric anhydride (76.4 mg, 0.76 mmol), and 4-(dimethy-
stable carrier system but also selective targeting. In the lamino)pyridine (81.8 mg, 0.76 mmol) were stirred in
present work we have demonstrated that Genospheres camanhydrous chloroform under argon at room temperature for
selectively target and transfect HER2-overexpressing cells12 h. The solvent was removed by rotary evaporation and
in vitro and can be tailored by formulating with a judicious the product purified on a silica gel column by isocratic elution
choice of surface modifying lipids for reduced nonspecific with hexane/ethyl acetate (2:1). The product-containing
cell interactions. The nonreactive nature of the carrier and fractions were combined, and the solvent was removed by
its ease of combination with a targeting ligand make the use rotary evaporation, yielding 115 mg (0.162 mmol, 48.4%)
of Genospheres an attractive methodology for efficient of product. The purity and identity were confirmed by TLC
nucleic acid delivery. Future studies will concentrate on the and'H NMR. Analytical data:*H NMR (CDCls;, 400 MHz)
evaluation of Genospheres as a targetable gene deliverys 0.866 (t, 3H, CH—CHa), 1. 26 (s, 60H, Ch), 1.55 (q,

vehicle in vivo. 4H, O—CH;—CH,;—CH,), 1.95 (g, 2H, CG-CH,—CH,—
CH,—CO), 2. 40 (s, 4H, C©CH,—CH,—CH,—CO), 3.47
Materials and Methods (g, 4H, O-CH,—CH,), 3.57 (t, 2H, CHG-CH,—0), 3.64
Materials. 1,2-Dioleoyl-3-(trimethylammonio)propane (4, 1H, O-CH(CH;)—-0), 7.39 (s, 1H, CO@l).
(DOTAP), 1-palmitoyl-2-oleoyl-3snphosphatidylcholine Genosphere PreparationGenospheres were prepared as

(POPC), 1,2-dioleoyl-3nphosphatidylethanolamine (DOPE), described previousl¥? Briefly, the plasmid DNA and the
and 1,2-dioleoykn-glycero-3-hemisuccinate (DOGHEMS) mixture of lipids, as indicated in the text, were separately
were purchased from Avanti Polar Lipids (Alabaster, AL) dissolved in 5 mM agqueous HEPESIa, pH 7.4, containing
and used without further purification. Dioctadecyldimethy- 50 vol % ethanol, and combined at 6@ at a DNA
lammonium bromide (DDAB), cholesteryl hemisuccinate concentration of 0.20.5 mg/mL. The mixtures were allowed
(CHEMS),N-(2-hydroxyethyl)piperaziné¥-2-ethanesulfonic  to attain ambient temperature, and dialyzed overnight against
acid (HEPES), and 2-morpholinoethanesulfonic acid (MES) unbuffered saline to remove ethanol. The dialyzed samples
were obtained from Sigma (St. Louis, MO). 1-Monomethox- containing Genosphere-formulated DNA at about 0.1 mg/
ypoly(ethylene glycol)-2,3-distearoylglycerol Pkfw (dis- mL were used without further purification. If titratable lipids
tearoylglycerol-PEGyo Sunbright DSG-20H, PEG-DSG) were used in the formulation, 5 mM MES, pH 5.5, was used
was acquired from NOF Corporation (Tokyo). Cholesterol instead of 5 mM HEPES, pH 7.4, in the aqueous-ethanolic
was purchased from Calbiochem (San Diego, CA). Stock solutions and then dialyzed against 5 mM Mes, 144 mM
solutions of lipids dissolved in ethanol were stored-dt0 NaCl in order to increase the positively charged lipid species
°C. 1,1-Dioctadecyl-3,3,33 -tetramethylindocarbocyanine- and reduce anionic charges if present, thus maximizing
5,5-disulfonic acid (DilGg(3)-DS) and the DNA intercalat-  interactions of the lipids with DNA. HER2-targeted Geno-
ing dye Picogreen were purchased from Molecular Probesspheres were prepared by incubation of Genospheres with
(Eugene, OR). A pH-titratable lipid 1-(3-(cholesteryloxy- F5-cys-mal-PEG(2000)-DSPE antibody conjugate in saline
carbonylamino)propyl)imidazole (CHIM) was synthesized as overnight at 37C.*? Typically the amount of conjugate equal
described previouslf Donor human plasma was obtained to 15 ug of antibody was added pgmol of POPC in the
from the local blood bank. sample. The antibodyPEG-DSPE conjugate is presented
Purified firefly luciferase ana-(—)luciferin were obtained  in a micellar solution containing a proportion of cysteine-
from Roche (Indianapolis, IN). Other reagents of the highest quenched maleimide-PEG-DSPEnd therefore, to account
possible grade were purchased and used without furtherfor the effects of PEG introduced in the course of antibody
purification. Cell culture media were obtained from the UCSF conjugation, nontargeted control samples were incubated with
cell culture facility (UCSF, San Francisco), and cells were an equivalent amount of PEG-DSPE (i.e., 0.22 mol % of
obtained from ATCC (Rockland, MD). FEPEG-DSPE the PC content). Genosphere samples were stored®@t 4
conjugate was prepared from the purified anti-HER2 scFv, until use.
F5, by conjugation to the maleimide-activated PEG terminus  In Vitro Delivery and Gene Expression. HER2-overex-
of the PEG-DSPE lipid anchor through an engineered pressing human breast adenocarcinoma cells (SKBR-3 cells)
C-terminal cysteine as described previousli? were cultured in McCoy’s 5A medium supplemented with
A bacterial plasmid containing firefly luciferase gene under 10% (v/v) fetal bovine serum, 10@g/mL streptomycin
the control of an early cytomegalovirus promoter (pCMV/ sulfate, and 100 units/mL penicillin G at 3T, 5% CQ.
luct) and a penicillin resistance gene was constructed, amp-The cells were plated at a density of 250 000 cells per well
lified, and purified as described previouslyThe plasmid in a 12-well plate (Corning) and acclimated overnight. The
concentration was determined by absorbance at 260enm ( final medium volume in each well was 1 mL, and each well
= 6600 L mol* cm™), and purity was determined from the received lug of pCMV/luct in the form of (i) free DNA,
ratio Agsonn{Azsonm (Shimadzu, UV160U). DNA was consid- (i) simple plasmid/liposome complexes, or (iii) Genosphere
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preparations. Genospheres were sterilized by passing throughegardless of the presence of titratable lipids (data not

a 0.2um polyethersulfone (PES) filter (Corning) and the
DNA concentration was measured as described previously
using the Picogreen assay. The control lipoplexes were
aseptically prepared by the addition of pCMV/uto a
sonicated dispersion of DOTAP/DOPE (1:1) liposomes for
a final ratio of 12 nmol of DOTAR/g of DNA in 5 mM
HEPES, pH 7.4. Both plasmid and liposome solutions were
filter-sterilized prior to mixing, and the resulting suspension
was added to the cells 20 min following complexation.

All plasmid preparations were incubated with the cells for
6 h and removed by aspiration following washing with Hanks
buffered saline (2x 1 mL), and the incubation continued
for another 18 h following the addition of fresh media (1
mL). The cells were washed with PBS 1 mL), detached
from the plate by incubation with 1 mL of PBS (containing
3 mM EDTA) at 37°C for 10 min, pelleted by centrifugation
at 350@ for 3 min, and resuspended in cold PBS. The cells
were lysed by two cycles of freezing-80 °C) and thawing
(37 °C). The lysates were centrifuged (7203040 s) for
removal of cellular debris and assayed for luciferase activity
as described previousl Luciferase activity was normalized
to the protein concentration in the lysates, determined using
the Micro-BCA assay (Pierce, Rockford, IL). A HER2-
negative human breast adenocarcinoma cell line MDA-

shown). The particle radiia) were then used to determine
the parametersa required in the O'BrierrWhite calcula-
tions.

Cell Association and Transfection Activity of Genos-
pheres of Varying Surface ChargeFor transfection studies,
formulations of Genospheres having at neutral pH cationic
(A), neutral (B),or anionic (C) charges were prepared as
described above. The lipid compositions A, B, and C of Table
1 were used, where, instead of a saturated fatty acid
derivative DSGG, we used an unsaturated, anionically
titratable lipid DOGHEMS, so that the acyl chain composi-
tion was consistent with the most abundant dialkyl-lipid in
the formulation, unsaturated POPC. Also, up to 20 mol %
of the POPC content of the Genospheres in these formula-
tions was replaced with the zwitterionic fusogenic lipid
DOPE, which is known to improve transfection of lipoplexes
in vitro.3¢ Each formulation was prepared with a low and a
high PEG-DSG content (0.5 and 5 mol % of total lipid,
respectively). The fluorescent membrane probe R{®-

DS was added to all samples (0.2 mol % total lipid) to
facilitate quantification of cell association by FACS and
visualization by fluorescent microscopy. The DOTAP/DOPE/
DNA lipoplex samples were prepared as described above,
adding either 0.5 or 5 mol % PEG-DSG. Genospheres were

MB468 was transfected with the F5-targeted and nontargetedsterilized by passing through a Qi polyethersulfone filter

variants of the neutral Genosphere formulation in the same
fashion.

Genosphere Size Measurement®article size was mea-
sured by dynamic light scattering (DLS) using a Nicomp

(Nalgene), and lipoplexes were prepared aseptically as
described previously.

SKBR-3 cells were plated in a 12-well plate (Corning) as
described above, and the following day the cells were washed

C370 particle size analyzer (Nicomp Particle Sizing Systems, With Hanks BSS (2< 1 mL). Individual samples (Lg of
Santa Barbara, CA). For measurements, the samples werdNA) were added to each of 6 wells in McCoy’s 5A medium

diluted in 0.2um filtered HBS, pH 6.5, chosen for its
biocompatibility, isotonicity, and pH reported to be optimal
for preventing phospholipid hydrolysis.The particle-size
distribution (mean and standard deviation) were calculated

supplemented with 10% (v/v) FBS and 1% (v/v) Pen-Strep
in a final volume of 1 mL. After 6 h, the wells were washed

with Hanks BSS (3x 1 mL), and 1 mL of medium was

replaced in 3 of the wells and incubated further at°87

using the volume weighted Gaussian method and either theThe cells in these wells were analyzed for luciferase activity

solid-particle mode (Genospheres) or vesicle mode (lipo-
somes).
¢-Potential Measurements Electrophoretic mobility mea-

and protein content 24 h post-transfection using the freeze
thaw lysis method outlined above. The remaining cells were
photographed through a fluorescence microscope (Eclipse

surements were made using a Coulter Delsa 440-SX (Beck- TE 3000, Nikon, Japan) using a constant exposure time for
man Coulter, Fullerton, CA). Each value quoted is the @ll phase contrast (1/30 s) and for all fluorescence (1/15 s)
average of a number of runs and is indicated in the table. Photographs. The cells were harvested by incubation with 3
Measurements were made in either 5 mM Na-HEPES, 5% MM EDTA in PBS fixed with 2% paraformaldehyde in PBS
(w/w) sucrose, pH 7.0, or 5 mM Na-MES, 5% (w/w) sucrose, for 15 min and collected by centrifugation at 35p€r 5

pH 5.5. All buffers were degassed prior to use. The min. The cells were resuspended in 1 mL of cold PBS and
¢-potentials were calculated from the measured electro- @nalyzed by cytofluorometry (FACSCalibur 2, Becton Dick-
phoretic mobilities using the O'BrierWhite algorithmi*as ~ inson) using the FL2 channel withg, 488 nm andiem 585
described in the Results section. Electrical conductivities "M). The values reported are the mean and standard deviation
were measured with the Delsa 440-SX and used to calculateof three experiments with % 10* events counted per run.
the ionic strengths, required for determination of the Debye A phreviations Used

Huckel constantsk() of the electrolytes. The partlcle.3|ze_s CHEMS, cholesteryl hemisuccinate: CHIM, 1-(3-(choles-
of Genospheres measured at pH 5.5 or pH 7.0 were identical . . i ]
teryloxycarbonylamino)propyl)imidazole; Chol, cholesterol;

(35) Grit, M.; Crommelin, D. J. Chemical stability of liposomes:
implications for their physical stabilityChem. Phys. Lipid$993
93, 3—-18.

(36) Farhood, H.; Serbina, N.; Huang, L. The role of dioleoylphos-
phatidylethanolamine in cationic liposome mediated gene transfer.
Biochim. Biophys. Actd995 1235 289-295.
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buffered saline (5 mM HEPES, 144 mM NaCl, pH 6.5);
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Note Added after ASAP Publication. An explanatory
footnote not present in the version published ASAP on
September 15, 2006, was added to Table 1 as foomte
the version published ASAP on November 9, 2006.
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