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Abstract

The use of cholesterol-based cationic lipids and the ability of glucocorticoids
to reduce local inflammatory response to lipoplexes motivated an
investigation of structure-activity relationships for cationic steroids. A
one-step synthetic scheme using iminothiolane was developed to link
spermine to the 21-OH position of steroids via an amidine linkage. Five
steroids (cortisol, dexamethasone, corticosterone, 11-deoxycortisol, and 11-
deoxycorticosterone) with increasing hydrophobicity of the parent steroid
(Log Pgier from 1.51 to 3.01) were conjugated with spermine, formulated
with dioleoylphosphatidylethanolamine (DOPE) at DOPE : steroid mole ratios
(R) of R =0.5to 2, and then complexed with 1 pug enhanced green fluorescent
protein (EGFP) plasmid DNA at charge ratios (CR) = 2 to 24 amines per
phosphate (0.5 to 6 steroids per phosphate). The resulting 105 different
formulations of the cationic steroid series were used to lipofect bovine
aortic endothelial cells. Transgene expression data at either 24 or 48 h
post-lipofection for all formulations was collapsed onto master curves when
plotted against a single empirical dimensionless parameter, the lipofection
index (LI) = CR (Log Pliposome) (Log Pger/|ALog P|) [R/(R + 1)] where ALog
P = Log Ppopg— Log Pser and Log Pjiposome is @ mole-weighted average of the
DOPE/cationic steroid liposome hydrophobicity. For 7 < LI < 29, the EGFP
expression at 24 or 48 h post-lipofection increased linearly with LI (EGFP ~0
for LI <7), but did not increase further for LI >29, thus providing a predictive
design rule based on Log P of the hydrophobic moiety of the cationic steroid
lipid. Copyright © 2007 John Wiley & Sons, Ltd.
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Introduction

Cationic lipids, in formulations with neutral helper lipids, help package DNA
into lipoplexes for transfection of mammalian cells. Synthetic formulations
of packaging agents with DNA offer potentially low-cost, safe, and uniform
pharmaceutical-grade material compared to viral-based biologics. Cationic
lipids have proven quite versatile and include aliphatic cationic lipids [1-3]
such as DOTMA, DMRIE, and DOTAP or cholesterol-based cationic lipids
[4-6] such as DC-Chol, CTAP, and GL-67.

For a given cellular target, the predictive basis of efficacy in vitro or in vivo
is limited and formulation optimization is empirical with respect to: lipid
cation to DNA anion charge ratio; total lipid to DNA weight ratio; and
cationic lipid to neutral lipid mole ratio. Since structure-activity relationships
for the cationic head groups have been examined [7] and certain co-lipids
(e.g. DOPE) are recognized to facilitate endosome escape [8—-10], we investi-
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gated the relationships between the hydrophobicity of
the lipid moiety of the cationic lipid and the resultant
lipofection activity. We hypothesized that the Log P of the
lipid moiety may be predictive of transfection of nucleic
acid. Log P is the partition coefficient of a molecule
in octanol-saturated water and is commonly used to
predict the membrane permeability of pharmacological
agents [11]. We chose to use sterol-based cationic lipids,
specifically cationic pregnanes, since several pregnane
derivatives were available that spanned a large range of
Log Pger values of the parent steroid (21-OH).

Cationic cholesterol-based lipids have a known safety
profile and established in vivo efficacy. For example, DC-
Chol was the first cationic sterol developed, followed by
the guanidinium cholesterols, CTAP and CTAB [12]. While
glucocorticoid steroids [13,14] or NF-«B antagonism
[15] can enhance nonviral gene transfer, DNA delivery
with pharmacologically active cationic lipids has not
been extensively studied. Gruneich et al. [16] recently
reported that dexamethasone-spermine (DS) conjugate
was a potent transfection reagent that also triggered
glucocorticoid receptor nuclear localization, induced
transgene expression from a glucocorticoid response
element (GRE), and possessed anti-inflammatory activity
in a mouse model. During intranasal delivery of
adenovirus to lung, DS/DOPE targeted transduction to
the pulmonary epithelium while dramatically reducing
cellular infiltrate [17].

Using a synthetic scheme to link spermine to the 21-OH
position of a steroid via an amidine linkage (Figure 1),
we synthesized a pregnane series 3—7 (Figures 1 and 2,
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Table 1) to study whether systematically varying the -
OH substituents on positions 11 and 17 of the parent
steroid had an effect on the efficiency of transfection.
The 21-hydroxy group of corticosteroids is not required
for anti-inflammatory activity [18] and was therefore a
logical choice for conjugation to a polycation. Unlike
cholesterol-based lipids that have no hydroxy groups, the
pregnane series 4—7 has an increasing number of hydroxy
groups, reducing the Log Py, of the parent steroid from
3.01 to 1.51. The hydroxy groups also confer distinct
pharmacological activity to the lipid [18]. For example,
a parent steroid with 11-OH and 17-OH groups (e.g. 3
and 7) has glucocorticoid character, while those without
either 11-OH or 17-OH groups (e.g. 5 and 6) tend to
be mineralcorticoids, and 4 has both weak glucocorticoid
and weak mineralcorticoid activity. An aim of the present
study was to understand the design rules for more optimal
lipids (both pregane-based or not) and their formulations
using readily available physicochemical data.

Materials and methods

Materials

11-Deoxycorticosterone-21-mesylate, corticosterone-21-
mesylate, 11-dexoxycortisol-21-mesylate, cortisol-21-
mesylate, and dexamethasone-21-mesylate (Steraloids,
NH, USA), 2-iminotholane (Traut’s reagent, Pierce), sper-
mine (Sigma), trifluoroacetic acid (TFA) (Sigma), and
DOPE (dioleolylphosphatidylethanolamine) (Avanti Polar
Lipids) were used as received. HPLC grade solvents

NH H H
+ s + H’N\/\/N\/\/\N/\/\N'H
é H H
(Traut's)
DMSO, RT 2
20 min
NH
S\/\/U\N/\/\N/\/\/N\/\/NHz
H H
3
J Hydrolysis, NaOH
H H
+ H’N\/\/N\/\/\N/\/\N’H
1 I
H H

Figure 1. Synthesis of steroid-spermine conjugates using dexamethasone-mesylate (1), Traut’s reagent, and spermine (2) to form
dexamethasone-spermine (3) via an amidine linkage. Hydrolysis of 3 with 1 M NaOH (20 min) yielded dexamethasone-amide (3a)
which had a 21-substituted butyl thioether amide side chain on dexamethasone

Copyright © 2007 John Wiley & Sons, Ltd. J Gene Med 2007; 9: 381-391.
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Figure 2. Structures of a series of cationic steroid lipids
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3 Dexamethasone-spermine

NH
H

H

11-deoxycorticosterone-spermine
corticosterone-spermine
11-deoxycortisol-spermine

Table 1. Parent steroids used for synthesis of cationic steroid-spermine conjugates. Average value
of octanol-water portioning coefficient (Log Pst,) for each steroid was obtained from the literature

[26-30]

Parent steroid Log Pgter (range) Cationic steroid MW (calcd/found)

11-deoxycorticosterone 3.01(2.88-3.25) 4, C35HgyN50,S @ [M + H]* 616.4624/616.4643
corticosterone 2.62 (2.52-2.72) 5, C35HgaNs03S @ [M + H] ™ 632.4573/632.4599
11-deoxycortisol 1.94 6, C35HgoN50,S @ [M + H]* 632.4573/632.4564
dexamethasone 1.83 3, C3gHg3FN504S : [M + H]* 678.4428/678.4429
cortisol 1.51 (1.47-1.55) 7, C3sHgoNsO4S @ [M + H]T 648.4523/648.4555

(Aldrich) were used as received (except dimethyl sul-
foxide (DMSO) and methanol were dried and stored over
anhydrous sodium sulfate). Sterile phosphate-buffered
saline (PBS) (Clonetics) was used as received. Thin-
layer chromatography (TLC) was performed on Whatman
PK6F silica gel 60 A TLC plates using 50:50 hex-
ane/tetrahydrofuran (THF) elution solvent, visualized at
254 nm wavelength. High-performance liquid chromatog-
raphy (HPLC) was performed using an HP 1050 HPLC
system equipped with a photodiode detector. For ana-
lytical scale HPLC, a 4.6 mm x 150 mm Hamilton 5 u
PRP-1 column was used with a 20 uL injection vol-
ume, at a rate of 1 mL/min, using an elution profile
starting at 70:30 TFA buffer/acetonitrile, ramping to
30:70 TFA buffer/acetonitrile from 1-4 min and hold-
ing at 70:30 TFA buffer/acetonitrile from 4-5 min.
For semipreparative scale HPLC, a 10 mm x 250 mm
Hamilton PRP-1 column with a 1 mL injection volume
was used, at a flow rate of 4 mL/min. Mass spec-
troscopy, elemental analysis, 250 MHz and 500 MHz
NMR were performed at the Department of Chem-
istry, University of Pennsylvania. Lipofectamine reagent
(Gibco) containing a 3:1 (w/w) mixture of polyca-
tionic lipid 2,3-dioleoyloxy-N-[2(sperminecarboxamido)
ethyl]-N,N-dimethyl-1-propanaminium trifluoroacetate
(DOSPA) : DOPE was used according to the manufac-
turer’s instructions, at 6 pug-lipid/ug-DNA. The plasmid
PEGFP-N3 (Clontech) was purified with an endotoxin-
free Maxi-Prep kit (Eppendorf) and used for expression
of enhanced green fluorescent protein (EGFP) under the
regulation of a cytomegalovirus (CMV) promoter.

Copyright © 2007 John Wiley & Sons, Ltd.

Synthesis of N-[3-({4-[(3-aminopropyl)
amino]butyljamino)propyl]-4-[(3-
oxopregna-1-en-21-yl)sulfanyl]
butanimidamide-TFA salt (4,
11-deoxycorticosterone-spermine)

A 25 mL round-bottomed flask equipped with a magnetic
stirring bar and rubber septum was purged with nitrogen
and charged with 100 mg (245 umol, 1 eq.) of 11-
deoxycorticosterone-21-mesylate, 2 mL of ethanol, and
248 uL. spermine (1.10 mmol, 4.5 eq.) and cooled to
0°C in an ice-bath. The solution was stirred and treated
dropwise over 5 min with a solution of 33.8 mg of 2-
iminothiolane (Traut’s reagent) (245 umol, 1 eq.) in
240 uL of deionized water. The solution changed color
from clear to clear light yellow. The reaction was
monitored by TLC and by analytical HPLC. After 45 min,
the TLC spots at retention time (R;) = O (the charged
species) were maximized. The crude reaction mixture was
treated with 20 eq. of TFA (to neutralize spermine amines)
and solvent was removed with a rotary evaporator
leaving a viscous clear light yellow solution. Deionized
water (~1.5mL) was added to bring the volume of
the crude reaction mixture to 2 mL, and the product
was purified with preparative scale HPLC (two runs of
1 mL each). The main product (4) (R =4.5-8.5 and
3.6-6.0 min) was pooled and acetonitrile was removed
with a rotary evaporator leaving ~20 mL of solution. The
solution was freeze-dried overnight with a lyophilizer
leaving a white hygroscopic powder to which water
was added to bring the final volume to 1 mL. The

J Gene Med 2007; 9: 381-391.
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product (4) was purified with preparative scale HPLC
(1 mL injection) and the product at Ry = 5.7-9.5 min
(preparative HPLC) was pooled, solvent (acetonitrile)
was removed with a rotary evaporator, and the solution
was transferred to a 50 mL plastic tube and freeze-
dried overnight to yield a hygroscopic white powder.
TLC (50:50 hexane/THF) R, = 0, analytical HPLC R, =
0.7 min. Yield: 64.7 mg (60.4%, calculated as the tetra-
TFA salt); 'H NMR (250 MHz, CD3;0D with TMS):
§ =6.45 (d, 1H, J = 68 Hz, amidine NH), 5.71 (s, 1H,
4), 3.90 (m, 10H, spermine CH3N), 3.54 (m2H, 21), 3.38
(t, 2H, J = 5 Hz, amidine CH,N (C25)), 3.12 (m, 2H,
CH,N (spermine methylene adjacent to amidine)), 2.91
(t, 2H, J = 7 Hz, C23 (iminothiolane linker)), 2.58 (m,
2H, C24 (iminothiolane linker)), 2.48 (m, 1H, 6b), 2.48
(m, 1H, 17aH), 2.44 (m, 1H, 2b), 2.34 (m, 1H, 6a), 2.27
(m, 1H, 2a), 2.21 (m, 1H, 16b), 2.08 (m, 5H, NH), 2.03
(m, 1H, 1b), 1.92 (m, 1H, 12b), 1.87 (m, 1H, 7b), 1.79
(m, 8H, spermine CHy), 1.77 (m, 1H, 15a), 1.70 (m,
1H, 1a), 1.69 (m, 1H, 16a), 1.64 (m, 1H, 11a), 1.63 (m,
1H, 12a), 1.61 (m, 1H, 8), 1.46 (m, 1H, 11b H), 1.33
(m, 1H, 15b), 1.23 (s, 3H, 19), 1.17 (m, 1H, 14), 1.10
(m, 1H, 7a), 1.03 (m, 1H, 9), 0.70 (s, 3H, 18); HRMS
(FAB') C35He2N50,S : [M + H]™ caled 616.4624; found
616.4643.

Synthesis of N-[3-({4-[(3-aminopropyl)
amino]butyljamino)propyl]-4-[(3-
oxopregna-11-hydroxy-1-en-21-
yl)sulfanyl]butanimidamide-TFA salt
(5, corticosterone-spermine)

Similar to the preparation of 4, 100 mg (236 umol,
1 eq.) of corticosterone-21-mesylate, 238 uL. spermine
(1.06 mmol, 4.5 eq.), and 32.6 mg of 2-iminothiolane
(Traut’s reagent) (236 umol, 1 eq. in 326 pL water) gave
a hygroscopic white powder. TLC (50:50 hexane/THF)
R = 0, analytical HPLC R; = 0.7 min, preparative HPLC
R¢ =5.1-8.5 min. No melting point was determined.
Yield: 80.8 mg (74.3%, calculated as the tetra-TFA salt);
'H NMR (250 MHz, CD30D with TMS): § = 6.39 (d, 1H,
J = 66 Hz, amidine NH), 5.66 (s, 1H, 4), 4.90 (s, 1H, 11b-
OH), 4.35 (m, 1H, 11a), 3.90 (m, 10H, spermine CHsN),
3.54 (m, 2H, 21), 3.38 (t, 2H, J = 5 Hz, amidine CHyN
(C25)), 3.12 (m, 2H, CH,N (spermine methylene adjacent
to amidine)), 2.91 (t, 2H, J = 7 Hz, C23 (iminothiolane
linker)), 2.58 (m, 2H, C24 (iminothiolane linker)), 2.51
(m, 1H, 6b), 2.45 (m, 1H, 2b), 2.45 (m, 1H, 17aH), 2.34
(m, 1H, 2a), 2.28 (m, 1H, 12b), 2.23 (m, 1H, 6a), 2.18
(m, 1H, 1b), 2.13 (m, 1H, 16b), 2.08 (m, 5H, NH), 2.03
(m, 1H, 7b), 1.95 (m, 1H, 8), 1.87 (m, 1H, 1a), 1.79
(m, 8H, spermine CHj), 1.75 (m, 1H, 15a), 1.70 (m, 1H,
16a), 1.63 (m, 1H, 12a), 1.46 (s, 3H, 19), 1.36 (m, 1H,
15b), 1.19 (m, 1H, 7a), 1.11 (m, 1H, 14), 1.06 (m, 1H, 9),
0.89 (s, 3H, 18); HRMS (FAB™) C35Hg2N503S : [M + H] T
caled 632.4573; found 632.4599.

Copyright © 2007 John Wiley & Sons, Ltd.
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Synthesis of N-[3-({4-[(3-aminopropyl)
amino]butyljamino)propyl]-4-[(3-
oxopregna-17-hydroxy-1-en-21-
yDsulfanyl]butanimidamide-TFA salt
(6, 11-deoxycortisol-spermine)

Similar to the preparation of 4, 100 mg (236 umol, 1
eq.) of 11-deoxycortisol-21-mesylate, 238 uL spermine
(1.06 mmol, 4.5 eq.), and 32.6 mg of 2-iminothiolane
(Traut’s reagent) (236 umol, 1 eq. in 326 uL water) gave
a hygroscopic white powder. TLC (50:50 hexane/THF)
R = 0, analytical HPLC R; = 0.7 min, preparative HPLC
R; = 6.1-9.5 min. Yield: 79.6 mg (73.2%, calculated as
the tetra-TFA salt); '"H NMR (250 MHz, CD3;0D with
TMS): § = 6.46 (d, 1H, J = 66 Hz, amidine NH), 5.72
(s, 1H, 4), 3.90 (m, 10H, spermine CH3N), 3.75 (d,
J =16 Hz, 2H, 21), 3.46 (d, J = 16 Hz, H, 21), 3.38 (t,
2H, J = 5 Hz, amidine CH,;N (C25)), 3.12 (m, 2H, CH,;N
(spermine methylene adjacent to amidine)), 2.69 (m, 1H,
16b), 2.66 (m, 2H, C23 (iminothiolane linker)), 2.65 (s,
H, 17a-OH), 2.58 (m, 2H, C24 (iminothiolane linker)),
2.50 (m, 1H, 6b), 2.42 (m, 1H, 2b), 2.34 (m, 1H, 6a), 2.30
(m, 1H, 2a), 2.08 (m, 5H, NH), 2.02 (m, 1H, 1b), 1.92
(m, 1H, 15a), 1.89 (m, 1H, 7b), 1.79 (m, 8H, spermine
CH»), 1.75 (m, 1H, 12a), 1.73 (m, 1H, 14), 1.71 (m, 1H,
la), 1.70 (m, 1H, 11a), 1.63 (m, 1H, 8), 1.58 (m, 1H,
16a), 1.49 (m, 1H, 12b), 1.45 (m, H, 11b H), 1.37 (m, 1H,
15b), 1.23 (s, 3H, 19), 1.13 (m, 1H, 7a), 1.00 (m, 1H, 9),
0.68 (s, 3H, 18); HRMS (FAB™) C35HgaNs03S : [M + H] T
caled 632.4573; found 632.4564.

Synthesis of N-[3-({4-[(3-aminopropyl)
amino]butyljamino)propyl]-4-[(3-
oxopregna-17-hydroxy-1-en-21-
yDsulfanyl]butanimidamide-TFA salt
(7, cortisol-spermine)

Similar to the preparation of 4, 100 mg (227 pmol,
1 eq.) of 1l-cortisol-21-mesylate, 229 ulL. spermine
(1.02 mmol, 4.5 eq.), and 31.3 mg of 2-iminothiolane
(Traut’s reagent) (227 pmol, 1 eq. in 313 uL water) gave
a hygroscopic white powder. TLC (50:50 hexane/THF)
R = 0, analytical HPLC R; = 0.7 min, preparative HPLC
R; = 5.6-10.8 min. No melting point was determined.
Yield 82.0 mg (74.3% (calculated as tetra-TFA salt));
'H NMR (250 MHz, CD30D with TMS): § = 6.38 (d, 1H,
J = 65 Hz, amidine NH), 5.66 (s, 1H, 4), 4.96 (s, 1H, 11b-
OH), 4.39 (m, 1H, 11a), 3.90 (m, 10H, spermine CH,N),
3.78 (d, 1H, J = 16 Hz, 21), 3.43 (d, 1H, J = 16 Hz, 21),
3.38 (t, 2H, J = 5 Hz, amidine CH,;N (C25)), 3.12 (m, 2H,
CH2N (spermine methylene adjacent to amidine)), 2.73
(m, 1H, 16b), 2.68 (m, 2H, C23 (iminothiolane linker)),
2.65 (s, 1H, 17a-OH), 2.60 (m, 2H, C24 (iminothiolane
linker)), 2.50 (m, 1H, 6b), 2.45 (m, 1H, 2b), 2.34 (m,
1H, 2a), 2.29 (m, 1H, 6a), 2.11 (m, 1H, 1b), 2.08 (m,
5H, NH), 2.06 (m, 1H, 8), 2.03 (m, 1H, 7b), 2.01 (m, 1H,
12a), 1.87 (m, 1H, 1a), 1.79 (m, 8H, spermine CHj), 1.72

J Gene Med 2007; 9: 381-391.
DOI: 10.1002/jgm



SAR of Cationic Lipids and Design Rules for Cationic Lipids

(m, 1H, 15a), 1.66 (m, 1H, 14), 1.51 (m, 1H, 12b), 1.47
(m, 1H, 16a), 1.46 (s, 3H, 19), 1.37 (m, 1H, 15b), 1.14
(m, 1H, 7a), 0.99 (m, 1H, 9), 0.89 (s, 3H, 18), HRMS
(FAB™) C35He2N504S : [M + H]™ caled 648.4523; found
648.4555.

Synthesis of N-[3-({4-[(3-
aminopropyl)amino]butyl}amino)
propyl]l-4-[(9-fluoro-11,17-dihydroxy-
16-methyl-3,20-dioxopregna-1,4-dien-
21-yl)sulfanyl]butanimidamide-TFA
salt (3, dexamethasone-spermine, DS)

A 15 x 85 mm test tube equipped with a magnetic
stirring bar and rubber septum was purged with
nitrogen and charged with 105 mg (223 umol, 3 eq.) of
dexamethasone-mesylate, 800 uL of DMSO, and 28.4 mg
(206 umol, 2.8 eq.) of Traut’s reagent. After the contents
of the solution had dissolved, 31.9 uL (145 pmol, 2
eq.) of spermine were added via pipette over 10s at
room temperature. The solution immediately changed
color from clear to clear light yellow. The reaction was
monitored by TLC and by analytical HPLC. After 45 min,
the TLC spot at Ry = 0 (the charged DS) (R; = 0.7 min DS
by analytical HPLC) was maximized, and dexamethasone-
mesylate (Ry 0.47, 2.8 min HPLC) spot minimized. The
crude reaction mixture was diluted with 2 eq. of TFA and
water was added to bring the volume of the crude reaction
mixture to 1 mlL, and purified with preparative scale
HPLC. DS (R; = 7 min) was collected with a Pharmacia
fraction collector. The tubes containing product were
consolidated and acetonitrile was removed under reduced
pressure with a rotary evaporator leaving a clear liquid.
The resulting DS solution was lyophilized overnight to
yield a white powder. Yield: 15.3 mg (14.0%). TLC R, =
0, 50:50 hexane/THF, analytical HPLC R; = 0.7 min.
IH NMR (500MHz, DMSO) § = 9.54 (s, 1H, spermine
NH), 9.16 (s, 1H, spermine NH), 8.75 (s, 2H, spermine
NH2), 7.30 (d, J=0.02, 1H, C1), 6.23 (d, J = 0.023,
1 H, C2), 6.01 (s, 1 H, C4), 533 (d, J=0.01, 1 H,
C17-OH), 5.04 (s, 1 H, C11-OH), 4.14 (d, J=0.02, 1
H, C11-OH), 3.63 (dd, J=0.39, 0.03,2 H, C21), 3.37
(s, 20 H, spermine), 3.27 (s, 2 H, spermine), 3.93 (s, 4
H, spermine), 2.61 (m, 1 H, C6a), 2.37 (m, 1 H, C6b),
2.33 (m, 1 H, C8), 2.17 (d, J=0.02, 1 H, C12), 2.1 (q,
J=0.02, 1 H,C14), 1.87 (m, 4 H, spermine), 1.78 (m,
J=0.01,1H, C7a), 1.63 (m, 2 H, spermine), 1.58 (m, 1
H, C15a), 1.48 (s, 3 H, C19), 1.46 (s, 1 H, C7), 1.07 (m,
1 H, C15b), 0.87 (s, 3 H, C18), 0.78 (d, 3 H, C22); HRMS
(FAB') C3gHg3FN504S : [M + H]™ caled 678.4428, found
678.4429. For the hydrolysis product: caled C: 63.26, H:
7.35, N: 2.84; found C: 63.44, H: 7.27, N: 2.83.

Cell culture

Bovine aortic endothelial cells (BAEC, passage 4-13)
were grown to confluence, passed ata 1 : 4 split to 24-well

Copyright © 2007 John Wiley & Sons, Ltd.
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plates, and then grown to 90% confluence for 2 days prior
to lipofection. Growth medium was Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% heat-inactivated
charcoal-filtered fetal calf serum (Hyclone, to remove
steroids), 0.30 mg/mL glutamine, 150 U/mL penicillin
and 0.15 mg/mL streptomycin (Gibco).

Liposome and lipoplex formulation

Each cationic lipid was dissolved in ethanol to make
100 mM stock solutions. The stock solution of the cationic
steroid lipid and DOPE (25 mg/mL in chloroform) were
added in steroid : DOPE mole ratiosof 2:1,2:2, and 2:4
ratios in an Eppendorf tube, and solvent was evaporated
to a lipid film with a nitrogen stream. The resulting
lipid film was rehydrated with sterile deionized water
(Millipore) and probe-sonicated for 10 min to yield a
final concentration of liposomes that were 2 mM in
cationic lipid. The solutions were stored at 4°C and
retained lipofection activity for over 6 months (data
not shown). Lipoplexes were mixed in 96-well plates
(Nunc, nontreated U-bottomed polyethylene) in triplicate
as follows. To 150 uL of Optimem solution were added
0.375 to 9 uL of 2 mM cationic liposomes (to give final
charge ratio of 2 to 24 cations per DNA phosphate
anion). Then 150 uL of a stock solution of pEGFP in
Optimem (1 ng/150 ul) were added to each well giving
a total volume of lipoplex solution of 300 uL. The
complexes were allowed to incubate for 30 min at room
temperature before addition to cells or measurement with
dynamic light scattering. The hydrodynamic diameter
of liposomes and lipoplexes was obtained by dynamic
light scattering (DynaPro 99 instrument). Liposomes were
measured at a concentration of 2 mM in cationic lipid
at room temperature. Lipoplexes were measured at a
concentration of 1 ug/mL pEGFP DNA.

Transfection and measurement of EGFP

Media from BAEC in 24-well plates was removed and
cells were washed three times with 300 ul. of PBS.
Transfections were performed in triplicate and each plate
included a blank (untreated cells) as negative control and
two wells treated with Lipofectamine (6 ug/ug DNA) as
positive control. Lipoplexes were added to each well and
allowed to incubate at 37°C for 2 h. Media was then
replaced with cell culture media and cells were incubated
at 37°C. EGFP expression was monitored in triplicate
with a fluorescent plate reader (Labsystems Fluoroskan
Ascent; 485 nm/510 nm filter pair) with background
subtraction using the autofluorescence of nontransfected
BAEC. EGFP fluorescence was measured after 24 and
48 h by removing media with 3 x 300 uL. washings
of PBS replacing with 300 uL. of growth media. Full
signal (fluorescence intensity (FI) = 30) corresponded
to ~75 ng GFP per well using recombinant protein for
calibration.
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Results and discussion
Synthesis

We developed a synthetic route requiring no protect-
ing groups, amenable to large-scale coupling of the
multivalent cation, spermine, to lipophilic electrophiles.
A one-pot reaction between spermine, 2-iminothiolane
(Traut’s reagent) and steroid-mesylate yielded the steroid-
spermine conjugate as the major product (Figure 1).
Traut’s reagent is selectively ring-opened by the primary
amines on spermine, forming a hydrolyzable amidine
bond [19] between spermine and iminothiolane and a
reactive thiolate anion that reacts with the a-keto mesy-
late on the 21-position of dexamethasone mesylate [20] to
form an a-keto thioether between spermine and iminoth-
iolane. The conjugation reaction was complete in under
45 min as indicated by HPLC. 2-Iminothiolane is unique
in that it is one of the few electrophiles that becomes a
strong and selective nucleophile during the reaction and
requires no protecting groups. The conjugation reaction
does not consume a cationic charge when coupled to a
cationic amine (e.g. spermine).

'H NMR analysis of all the conjugates confirmed the
presence of the 3-enone and, if the parent steroid molecule
had them, 11-OH and 17-OH groups [21-25], as well as
'H signals from the conjugated spermine and the 21-a-
keto thioether group. NMR evidence of conjugation was
visible by the methylene hydrogens on the iminothiolane
linkage adjacent to the amidine (§ = 3.38), the methylene
hydrogens on the spermine (§ = 3.12) and the protonated
amine on the amidine (§ ~ 6.4). In addition, the 21-
C methylenes were shifted upfield by about 1 ppm to
~3.4-3.6 due to the thioether bond formed. The four
protonated amines were visible via NMR in a nonprotic
solvent (e.g. DMSO), but not in protic solvents (e.g.
methanol), illustrating that the spermine tail in DS
retained four charges (a primary amine was converted
into a protonatable amidine) for DNA complexation.

The series was based on analogs with increasing
hydrophobicity of the steroid moiety: 11-deoxycorticos-
terone-spermine (4) was the most hydrophobic of the
series (Log Pgter = 3.01) and cortisol-spermine (7) was the
least hydrophobic (Log Pger = 1.51). Averages of several
empirical measurements of Log Py, for each steroid were
used [26-30] (Table 1).

Hydrolysis of DS in 1 M NaOH for 20 min resulted in
the cleavage of the amidine linkage between spermine and
iminothiolane, forming 3a, a dexamethasone-amide (DA)
(Figure 1), which has a 21-substituted butyl thioether
amide side chain on dexamethasone. For 3a: caled C:
63.26, H: 7.35, N: 2.84; found C: 63.44, H: 7.27, N: 2.83.
Moreover, the presence or absence of the cationic tail
confers dramatically different physicochemical properties
to the steroids. For example, the water solubility of
DS (3) was greater than 100000 mg/L, while the
solubility of DA (3a) was ~60 mg/L (dexamethasone,
100 mg/L). Additionally, although hydrolysis of DS to

Copyright © 2007 John Wiley & Sons, Ltd.
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DA is accelerated in 1 M NaOH, the amidine bond in DS
appeared relatively stable in neutral pH when formulated
with DOPE, since DS/DOPE formulations stored for
6 months at 4°C in water retained their lipofection
activity.

Structure and function of cationic
steroid lipoplexes

The five cationic steroids were formulated with
dioleoylphosphatidylethanolamine (DOPE) at cationic
steroid : DOPE mole ratios of 2:1, 2:2, or 2:4, and then
complexed with 1 ug EGFP plasmid DNA at charge ratios
(CR) = 2 to 24 amines per phosphate (0.5 to 6 steroids
per phosphate). To explore the role of Log Pger, CR, and
lipid : DNA ratio on lipoplex formation and function, we
measured the hydrodynamic radii by light scattering and
transgene expression (EGFP fluorescence per well) at 24
and 48 h post-lipofection. The liposomes (without DNA)
ranged in size from 79 to 179 nm, largely uncorrelated
with the tested range of cationic steroid : DOPE ratio or
Log Pger. For CR of 2 to 24 and cationic steroid : DOPE
ratios of 2:1, 2:2, and 2:4, the lipoplexes with DNA
ranged in hydrodynamic radius from 106 to 905 nm,
with a mean radius of 390 nm (Figure 3A). In general,
the lipoplex size tended to increase from a typical size
of ~200 nm to a typical size of about 450 nm as the
cationic steroid : DNA charge ratio was increased from 2
to 24 at the various steroid : DOPE ratios tested. However,
no striking dependency of lipoplex size on Log Pg.r was
detected over the series of cationic steroids tested.

The EGFP expression in BAEC at 24 and 48h
(Figures 3B and 3C) for each cationic steroid displayed
similar qualitative behavior for the various formulations
across charge ratios and cationic steroid : DOPE ratios. In
general, the more DOPE in the formulation, the higher
the expression levels. As expected, the higher the charge
ratio, the more active the formulation for lipofection. For
the five lipids studied, a threshold CR was required for
transfection to occur. Lipofectamine (LA) was used as a
benchmark and many of the transfections using cationic
steroids exceeded that achieved with this commercially
available DOSPA/DOPE formulation.

Structure-activity relationships for
cationic steroids

The hydroxyl groups on the steroid clearly had a strong
effect on transfection efficiency. From Figures 4A—4C it
is apparent that a sufficiently hydrophobic moiety as
indicated by Log Py was required for optimal lipofection.
Plotting the EGFP expression data at 48 h as a function
of Log Pger organized the EGFP data into clear trends,
so that at equal charge ratios and co-lipid ratios, the
EGFP expression predictably increased as a function of
Log Pgter. EGFP expression increased with increasing Log
Pgter until reaching high combined levels of Log Pgter, CR,
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and co-lipid ratios, at which point EGFP expression was
maximal or began to decrease, particularly for the most
hydrophobic cationic lipid 4.

Plotting EGFP expression versus CR for the series
illustrated the general trends of the series and the
importance of Log Py (Figures 5A and 5B). Using this
data, we tested empirical dimensionless parameters for
correlating the behavior of transfection formulations.
Such a parameter should ideally account for the
most relevant biophysics and biochemistry: charge ratio
(amine/phosphate ratio), hydrophobicity of the steroid
(log Pgter), hydrophobicity of the neutral lipid, DOPE
(log Ppopg = 6), the hydrophobicity of the resulting
DOPE/cationic lipid formulations, the number of lipids
relative to each DNA phosphate, and the match between
the hydrophobicity of DOPE and the steroid. We defined
the lipofection index (LI) as:

LI = CR (Log Pliposome) (LOg Pyrer /| ALOZ P|) [R/R+ 1]
1)
where ALog P = Log Ppopg — LOg Py, and Log Piiposome iS
the mole-weighted average of the DOPE/cationic steroid
liposome hydrophobicity given by:
Log 1:‘Vliposome = (DsterL0g Pyrer + NpoprLOg Ppopr)/

2)

(Ngter + NPOPE)

Copyright © 2007 John Wiley & Sons, Ltd.

where nger and npopg are the number of steroid
molecules and DOPE molecules per phosphate in the
DNA, respectively. The first term in Eqn. (1) is the charge
ratio relative to DNA. The second term is the effective
Log P of the lipid components of the cationic liposome
mixture. The third term accounted for the hydrophobicity
of the cationic lipid, i.e. its ability to interact with both
DOPE and cellular lipids. The final term accounted for
the relative amount of DOPE in the formulation where R
is the DOPE : steroid mole ratio which ranged from 1: 2,
2:2,and 4:2 (i.e. R = 0.5, 1 and 2, respectively).
Equation (1) was developed by evaluation of the top
seven formulations based on the two most hydrophobic
lipids (4 and 5) where LI ranged from 26.7 to 40.3.
The average parameters of the seven best formulations
were: Log Pgieroid = 2.79, CR = 12.57, Log Pliposome = 4.7,
DOPE:steroid = 1.57, Log Piiposome (CR) = 58.8, liposome
size Ry =102 nM, lipoplex size Ry =499 nm, and
viability >75%. In these top performing formulations, the
DOPE : steroid ratio was at least 1, suggesting a potential
metric for fusion potential. Also, the best formulations
had intermediate CR values so that the total dose of lipid
was in an intermediate range, thus reducing toxicity. Also,
the Ry, values of the liposomes were fairly small compared
to other less effective formulations, suggesting a benefit
in good lipid mixing. An additional insight guided the
development of the equation for LI: At the limits of no
cationic lipid or no DOPE, the LI predicts no transfection,
which accurately reflects the facts that the cationic lipid
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expression in BAEC at 48 h post-transfection as a function of Log
Pgier and CR at steroid cation : DOPE ratio of 2: 4 (R™! = 0.5)

requires a neutral helper lipid and that DOPE, by itself, is
not a good DNA delivery agent.

Copyright © 2007 John Wiley & Sons, Ltd.
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We observed that particle size increased with charge
ratio (Figure 3A) and transfection also increased with
charge ratio (Figure 3B). However, we found that
transfection was most directly proportional to CR with no
statistical gain in the LI correlation by using particle size.
For example, 11-deoxycorticosterone-spermine : DOPE at
a steroid : DOPE ratio of 2:1 produced relatively small
lipoplexes (Ry, ~ 175 nm) but gave high gene expression
at CR = 20-24. Increasing the steroid:DOPE ratio
produced much larger lipoplexes (Ry > 500 nm) but
similar amounts of gene transfer. Thus, we found no
consistent correlation of size and transfection across all
the formulations.

The transfection data at either 24 or 48 h (Figures 5A
and 5B) was collapsed onto a single curve when plotted
against the lipofection index, LI (Figures 5C and 5D).
The LI varied from 0.67 for the least effective lipid
(i.e. cortisol-spermine : DOPE at the lowest CR and R
tested) to 80.59 for 11-deoxycorticosterone-spermine (4)
at the highest CR and R tested. At the limits of very low
cationic lipid or DOPE (LI < 7), the equation predicted
near-zero expression, which accurately reflected the facts
that the cationic lipids required DOPE for activity and
DOPE by itself is not a good DNA delivery agent. A
threshold level of DOPE and cationic lipid to provide for
LI = 7 was needed for detection of threshold levels of
EGFP expression. In the range of 7 < LI < 29, expression
after lipofection with 4-7 correlated linearly with LI at
both 24 h and 48 h post-lipofection. While LI between
7 and 29 correlates with EGFP expression (Figures 5C
and 5D), the LI is only partly predictive of ‘percent
transfection’ since total EGFP expression as measured
by fluorescence-activated cell sorting (FACS) increases
across a population by increases in both the number of
transfected cells (defined at a conservative cutoff of 5x
or 10x above cellular autofluorescence [16]) and the
transgene expression per cell.

The activity of cortisol-spermine (7) was unusually
low even when plotted against LI (Figures 5C and 5D).
The inactivity of the cortisol lipid was most likely due
to both its overall small Log P and the 11-hydroxy
group. This may be due to cortisol-spermine formulations
not mixing into lipoplexes efficiently, phase separation
of the cortisol-spermine lipid from the DOPE, or poor
mixing with endosomal or membrane bilayers. Poor
transfection with cortical-spermine (7) was not due to
failure to form lipoplexes. We note that cortisol-spermine
formed typically sized liposomes with DOPE (Figure 3A),
comparable to the other cationic lipids of the series and
that lipoplexes with cortisol-spermine : DOPE (CR = 2 to
24) were not any smaller than those observed with
other members of the series (Figure 3A), demonstrating
successful formation of lipoplexes.

Examination of EGFP expression at 48 h relative
to expression at 24 h provided some insight into the
underlying mechanisms of transfection with respect to
the series (Figure 6A). EGFP expression at 48 h was
always higher than at 24 h. In addition, the ratio of EGFP
expression at 48 h to 24 h was at least 2. Three types of
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behavior were clustered by LI (Figure 6B). At intermediate
LI (7 < LI < 29), the ratio of EGFP expression at 48 h
to 24 h was 2.1 (r2 = 0.96). This may be due to the
formulations possessing good endosome escape capacity
with continued and constant expression of plasmid. At
low LI < 7, transfection was very low at 24 or 48 h
(although expression still doubled from 24 to 48 h post-
lipofection). At high LI >29, there was especially strong
expression at 48 h relative to that at 24 h; the ratio of
EGFP was significantly greater than 2 (P < 0.01). This
may be due to the increased availability of plasmid for
expression over the progress of the experiment from 24 h
to 48 h, potentially caused by high lipid load and high
Log Pger achieved at LI >29 with consequent effects
on endosomal loading, endosome escape, or cell cycle
dynamics. However, at values of LI >40, this formulation
regime offered little gain in expression at the expense
of elevated reagent consumption and lipid load on the
cells. Cell viability was measured by the MTT assay for
both liposomes and lipoplexes. We found no difference
between the viability of cells treated with liposomes vs.
lipoplexes. For LI up to 29, the viability was between
70 and 85% across the different formulations. Viability
decreased to a level of 50-65% when LI was increased
from 30 to 80.

Lipofection reagents that are effective in the presence
of serum typically contain pegylated-DOPE. As expected,
the cationic sterol: DOPE formulations did not perform
well in the presence of serum. We have not studied
the formulation of cationic steroid lipid:PEG-DOPE.
However, in our earlier studies with intranasal delivery
to mouse lung, DS/DOPE functioned properly in vivo and
more effectively than DC-Chol in vivo [16,17].

Copyright © 2007 John Wiley & Sons, Ltd.

Conclusions

This report quantifies and correlates the transfection
efficiency of lipids with respect to the Log P of the
hydrophobic moiety of the cationic lipid. Log P, a central
predictive parameter in pharmaceutical development,
may also have utility for development of new gene
transfer reagents. The higher the Log P of the lipid
portion of the cationic steroid lipid, the more effective
the transfection. A value of Log Pger = 1.51 was too
low for transfection (regardless of the amount of DOPE
or cationic lipid used). The lipofection index (LI) may
be applicable to a wider variety of cationic transfection
lipids and may explain the potency of cholesterol-based
cationic lipids. Also, LI correlated the transfection activity
of a fluorine-containing cationic steroid, dexamethasone-
spermine (3), amongst the 4-7 series. This report also
showed that small structural changes in the cationic lipids,
e.g. substitution of 11-OH or 17-OH, can lead to major
changes in transfection activity.

Horobin and Weissig [31] conducted a quantitative
structure-activity relationship (QSAR) analysis of numer-
ous cationic lipids based on structural parameters such
as charge, cation type, headgroup size, lipid size, total
lipid Log P, amphipathic index and critical chain length.
They found that commonly used cationic lipids had cer-
tain characteristics that were clustered in the parameter
space, with a particular emphasis on mixing potential of
the cationic lipid into membrane bilayers. However, their
analysis made no effort to rank the series in terms of
experimentally measured transgene expression in a given
cell line as was done in the present study.
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We chose to use ~90% subconfluent BAEC for several
reasons. BAEC are a common cardiovascular model cell
line and are easy to manipulate in culture. BAEC, as mortal
and untransformed cells, are considerably more difficult
to lipofect compared to transformed cell lines (e.g. CHO,
COS, 293, Hela, or 3T3 cells) and provide a challenging
in vitro model. BAEC are also representative of a relevant
in vivo target, the endothelium. Additionally, BAEC are
representative of other endothelial cell types that are
frequently used in the pharmaceutical and biotechnology

Copyright © 2007 John Wiley & Sons, Ltd.
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industries for drug development. Since lipofection of
confluent BAEC results in decreased expression relative
to subconfluent cells, studying the structure-activity
relationships in ~90% subconfluent cells provided a
higher signal of EGFP expression for analysis.

Dexamethasone-spermine retains glucocorticoid activ-
ity in vitro and in vivo [16,17] and we wanted to address
the effect of pharmacological character on transfection
performance. DS/DOPE liposomes at 10 to 1000 nM of
steroid pharmacophore caused rapid nuclear localization
of a glucocorticoid competent GFP-GR chimeric protein
stably expressed in 3T3 cells (results not shown). Par-
tial nuclear import of GFP-GR by 10 nM DS/DOPE, and
complete nuclear import at 100 nM, suggested that the
apparent Kp for DS was approximately 10-fold higher
than that of dexamethasone (Kp ~ 1 nM) [18]. DS/DOPE
induced dose-dependent transcription from a GRE pro-
moter construct (pGRE-SEAP), displaying an EC50 of
~10 to 100 nM relative to dexamethasone in 293 cells
(not shown). The fact that mineralcorticoid-based lipids
work better than glucocorticoid-based lipids indicated
that glucocorticoid potency was not required for good
transfection. Thus, activation of the glucocorticoid recep-
tor was not required for transfection. This suggests that
the more hydrophobic lipids, which happen to be miner-
alcorticoids, also aided the function of DOPE in loading
and disrupting endosomes. Although the most potent
glucocorticoid lipid 3 was better than cortisol-based for-
mulations, this was most likely due to the Log P of
dexamethasone being higher than cortisol. This was sup-
ported by the fact that pre-treatment or post-treatment of
cells with free dexamethasone to localize the GR in the
nucleus had little effect on subsequent transfection by DS
or lipofectamine (not shown). Thus, neither glucocorti-
coid activity nor nuclear import of the GR was necessary
for high levels of gene delivery or expression when using
cationic steroids.

Barriers to lipofection-based gene transfer vary sig-
nificantly in different cell lines. Thus for each cell line
and lipid formulation of study, it is common practice to
conduct a multiparameter optimization with respect to
DNA/cell, DNA/lipid, and cationic/neutral lipid. Only in
cells that present biological or physicochemical barriers
similar to BAEC would we expect the LI to be predictive
of gene transfer. Even within a chemical series for a single
cell line, the LI is not a perfect correlating parameter, as
was seen for cortisol-spermine (7). Still, the calculation
of LI may prove useful in correlating data and optimizing
transfection for other types of cells or cationic lipid series.

Pharmacologically active steroids for gene delivery
may allow high local levels of drug dosing at the site
of DNA delivery. Although glucocorticoid activity is not
needed for gene transfer action, the local delivery of
steroid may be useful for delivering DNA by combating
adverse immunological responses [13,14]. The present
study indicates that LI ~30 produced optimal results
for expression. This may have implications for delivery
of oligonucleotides (e.g. RNAi and antisense oligos),
delivery of DNA constructs, and design of new cationic

J Gene Med 2007; 9: 381-391.
DOI: 10.1002/jgm



SAR of Cationic Lipids and Design Rules for Cationic Lipids

lipids and their formulations by facilitating more efficient
explorations of a potentially large transfection variable
space.
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