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Abstract 

We prepared poly (ethylene glycol) (PEG)-stabilized antisense oligonucleotide (ODN)/lipid 

particles from a lipid mixture including the positively charged amphiphile DOTAP, and anti-

ICAM-1 antisense ODN, by an extrusion method in the presence of 40 % ethanol. These 

particles were targeted to scavenger receptors on liver endothelial cells by means of 

covalently coupled polyanionized albumin. Two types of such targeted particles were 

prepared. One with the albumin coupled to a maleimide group attached to the particle's lipid 

bilayer, and the other with the protein coupled to a maleimide group attached at the distal 

end of, additionally added, bilayer-anchored PEG chains. Upon intravenous injection, the 

ODN particles with bilayer-coupled albumin were cleared from the blood circulation at the 

same low rate as untargeted particles (< 5 % in 30 min). By contrast, the distal-end coupled 

particles were very rapidly cleared from the blood and preferentially taken up by the 

endothelial cells of the hepatic sinusoid (55 % of injected dose after 30 min). In spite of this 

substantial endothelial targeting no consistent inhibition of ICAM-1 expression could be 

demonstrated in this cell type, either in vivo or in vitro. However, in J774 cells, that also 

express scavenger receptors and ICAM-1, significant downregulation of ICAM-1 mRNA was 

achieved with distal-end targeted lipid particles, as determined with real-time RT-PCR. It is 

concluded that massive delivery of ODN to cells types that express scavenger receptors can 

be achieved if lipid particles are provide with negatively charged albumin distally attached to 

bilayer anchored PEG chains. 
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Antisense oligonucleotides (ODN), by virtue of their ability to down-regulate mRNA synthesis 

sequence-specifically, provide a potentially powerful tool to modulate gene expression both 

in vitro and in vivo (Matteucci and Wagner, 1996). For this reason, there is a great interest in 

the clinical application of ODN as an experimental drug. This is reflected by a large number 

of clinical trials under a variety of clinical conditions including cardiovascular, inflammatory 

and infectious diseases, organ transplantation and cancer (Kurreck, 2003). In these trials 

only so called “naked” ODN formulations have been employed (Opalinska and Gewirtz, 

2002; Pirollo et al., 2003). It is generally recognized, however, that further exploitation of 

ODN therapy requires the development of target specific ODN formulations (Scherer and 

Rossi, 2003; Allen and Cullis, 2004).  

 

Earlier we succeeded in the efficient targeted delivery of liposomes to liver endothelial cells 

in vivo by exploiting the high affinity of anionized human serum albumin (Aco-HSA) for 

scavenger receptors on these cells, whereas with unmodified HSA uptake of liposomes by 

the liver was low (<10 %) (Kamps et al., 1996; Kamps et al., 1997). Using this targeting 

principle we were also able to target antisense ODN encapsulated in poly (ethylene glycol) 

(PEG) bearing coated cationic lipoplexes (CCLs) to the endothelial cell population of the liver 

(Bartsch et al., 2002). Recently, Semple et al. (2001; and in Stuart et al., 2004) described the 

preparation of an alternative ODN encapsulating stabilized antisense lipid particle (SALP), 

grafted with poly (ethylene glycol), potentially suitable for in vivo applications. In vitro, SALPs 

could be targeted to the folate receptor on KB cells, a cell line derived from a human 

epithelial carcinoma, by introducing folate-PEG coupled to a lipid anchor (Zhou et al., 2002). 

In our previous experiments we coupled the targeting device (Aco-HSA) directly to the bilayer 

by a lipid-anchored maleimide group (Kamps et al., 1997; Bartsch et al., 2002). Development 

of poly (ethylene glycol) polymers with maleimide modifications (Mal-PEG-DSPE) at the 

distal end allows the covalent coupling of targeting ligands to the distal end of PEG chains. 

We compared the in vivo targeting efficiency of SALP particles containing an anti-ICAM-I 

ODN sequence with a targeting device (Aco-HSA), coupled either directly to the bilayer or to 
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the distal end of bilayer-anchored PEG chains and determined their ability to modulate 

ICAM-I mRNA levels.  
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Materials and Methods 

Chemicals  

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-[4-(p-maleimidophenyl)butyramide] (MPB-PE), 1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]-maleimide (Mal-

PEG-DSPE), 2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene 

glycol)-2000] (DSPE-PEG), 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) and bovine 

brain phosphatidylserine (PS) were purchased from Avanti Polar Lipids (Alabaster AL, USA). 

[1α,2α(n)-3H] cholesteryl oleyl ether (3H-COE), was from Amersham Pharmacia Biotech 

(Buckinghamshire, UK). Cholesterol (Chol), N-succinimidyl-S-acetylthioacetate (SATA), cis-

aconitic anhydride and DEAE-Sepharose CL-6B were from Sigma (St. Louis MO, USA). 

Human serum albumin fraction V (HSA) was obtained from the Central Laboratory of the Red 

Cross (Amsterdam, The Netherlands). OliGreen reagent was purchased from Molecular 

Probes, Inc. (Leiden, The Netherlands). Pronase (from Streptomyces griseus) and 

Collagenase A were obtained from Roche Diagnostics (Mannheim, Germany). Recombinant 

rat (rr) and recombinant murine (rm) interleukin-1 beta (IL-1β), tumor necrosis factor alpha 

(TNF-α) and interferon gamma (INF-γ) were purchased from R&D Systems, Inc. 

(Minneapolis, MN, USA). All other chemicals were analytical grade or the highest grade 

available.  

 

 

Antisense Oligonucleotides  

All antisense oligonucleotides were generous gifts from ISIS Pharmaceuticals (Carlsbad Ca, 

USA) through Dr. C. F. Bennett. The in vivo studies and the rat liver endothelial cell in vitro 

experiments were carried out with rat anti ICAM-1 antisense sequence, targeting 3′UTR rat 

ICAM-1 mRNA (ISIS 9125) or its mismatched control (ISIS 13994), both 20-mer 

phosphorothioate oligodeoxynucleotides. Since the rat targeted sequence ISIS 13994 do not 

match the murine ICAM-1 mRNA, experiments with J 774 cells were performed using 
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phosphorothioate 20-mers murine anti ICAM-1 (ISIS 17481-3) and corresponding control 

(ISIS 20440-2) sequences with 2’-O- (2-methoxy) ethyl (MOE) modification at 7 nucleotide 

sugars at the 3’end. In addition, all the cytosines in ISIS 174481-3 and ISIS 20440-2 were 

modified to contain a 5-methyl group (5-methyl cytosine).  

 

 

Animals 

Specified pathogen free (SPF) male Wag/Rij rats (Harlan, Horst, The Netherlands) were kept 

under standard animal laboratory conditions and had free access to standard lab chow and 

water. The studies as presented are in accordance with the Guide for the Care and Use of 

Laboratory Animals as adopted and promulgated by the U.S. National Institutes of Health 

and were approved by the local committee for care and use of laboratory animals. 

 

 

SALP preparation 

Stabilized antisense lipid particles were prepared according to Semple et al. (2001) with 

slight modifications. POPC, Chol, PEG-DSPE, DOTAP in CHCl3/methanol (9:1) stock 

solutions were mixed in the molar ratio 3:4:1:2. When used, MPB-PE amounted to 2.5 mol % 

of the total amount of lipid (TL) at the expense of the amount of POPC. The amount of Mal-

PEG-DSPE was 1 mol % of total lipid. When appropriate, 0.25 µCi 3H-cholesteryl oleyl ether 

(3H-COE) per µmol TL was added. The organic solvent was evaporated under nitrogen gas 

and lipids were redissolved in cyclohexane and freeze-dried overnight. The lipids were 

dissolved in ethanol 96 % shortly before mixing with ODN in buffer containing 10 mM N-[2-

hydroxyethyl]piperazine-N'-[2-ethanesulfonic acid] (HEPES), 150 mM NaCl (HBS, pH 6.7), 

resulting in 40 % ethanol final concentration. The ODN to lipid ratio used was 50 µg ODN per 

µmol total lipid. After vortexing 10 times for 30 seconds, particles were sized by repeated 

extrusion (10 times) through polycarbonate membranes with a pore size of 100 nm 
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(Whatman, Maidstone, Kent, UK) before they were extensively dialyzed against HBS, pH 6.7 

overnight. Outside bound ODN was removed by anion exchange chromatography (DEAE).  

 

 

Coupling of Aco-HSA  

Cis-aconitylated human serum albumin (Aco-HSA), with an average of 53 of the 60 available 

ε-amino groups derivatized, was prepared as described (Kamps et al., 1996). The 

aconitylated protein was thiolated by means of N-succinimidyl-S-acetylthioacetate (SATA) 

and coupled to either the MPB-PE in the outer surface of the SALPs or to the maleimide 

group at the distal end of the PEG chain by a sulfhydryl-maleimide coupling technique. Aco-

HSA was added to the SALP suspension in a ratio of 0.3 mg / µmol TL, and the coupling was 

done within 4 hours at room temperature (Derksen and Scherphof, 1985; Kamps et al., 

1996). N-ethylmaleimide, 80 mM in buffer, containing 5 mM N-[2-hydroxyethyl]piperazine-N'-

[2-ethanesulfonic acid] (HEPES), 150 mM NaCl and 0.1 mM EDTA (HNE buffer, pH 7.4) was 

added to cap unreacted sulfhydryl groups. Protein-coupled SALPs were separated from 

unconjugated protein by OptiPrep® gradient ultracentrifugation. The Aco-HSA coupled 

SALPs were extensively dialyzed against HBS, pH 7.4. Control SALPs were prepared 

similarly, expect that, instead of with Aco-HSA, they were incubated with cysteine in a molar 

amount twice that of MPB-PE or PEG-Mal to block reactive maleimide groups. The Aco-HSA 

SALPs were characterized by determining protein (Peterson, 1977), phospholipid 

phosphorus and ODN phosphorus content (Böttcher et al., 1961) and ODN content by 

OliGreen® assay. The particle size was determined by dynamic light scattering (Nicomp 380, 

Submicron Particle Analyzer System, Santa Barbara, CA, USA) in the volume weighing 

mode. The zetapotential was measured in demineralized water (Nicomp 380). Fig. 1 

schematically represents the two types of Aco-HSA coupled SALP preparations: Aco-HSA 

MPB-PE SALPs and distal end coupled Aco-HSA Mal-PEG SALPs. 
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(Fig. 1) 

 

Oligodeoxynucleotide quantification 

ODN entrapped in SALPs was quantified by the OliGreen® ssDNA assay (Molecular Probes, 

Leiden, The Netherlands) according to the manufacturer’s protocol and measured in a 

microtiterplate fluorescence reader (Bio-Tek Instruments, Winooski, VM, USA). To facilitate 

accessibility of the ODN, SALP samples were diluted into 10 mM Tris-HCl, 1 mM EDTA 

buffer (pH 7.5) containing 125 µM phosphatidylserine (PS) and 165 nM octylglucoside (TE-

PS/OG). The ODN calibration standards were diluted in TE-PS/OG buffer. Linearity of the 

standard curve was assured between 0.9 and 18 ng ODN per ml (r ≥ 0.98).  

 

 

Cryotransmission electron microscopy  

For cryo-EM studies, high ODN-encapsulating SALPs were separated from SALPs 

containing no or little ODN, by discontinuous sucrose density gradient centrifugation as 

described by Zhang et al. (1999). The bands containing SALP were separately isolated by 

carefully pipetting them off. Fractions were extensively dialyzed against HBS pH 7.4. The 

cryotransmission electron micrographs were taken using a Leo 912 Omega electron 

microscope (Zeiss, Oberkochen, Germany), equipped with a cryo stage. Samples were 

prepared as described elsewhere (Kaiser et al., 2003). 

 

  

Animal studies 

For in vivo studies, pentobarbital anesthetized Wag/Rij rats (200-250 g), were injected with 2 

µmol (total lipid) of 3H-COE-labeled SALPs via the penile vein. Blood samples were taken 

from the vena cava inferior. After 30 min the liver was perfused and processed for 

measurement of radioactivity as described before (Kamps et al., 1996). Total radioactivity in 

plasma was calculated according to the equation: plasma volume (ml) = [0.0219 x body 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 14, 2004 as DOI: 10.1124/mol.104.004523

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL 4523 

 10

weight (g)] + 2.66 (Bijsterbosch et al., 1989). When indicated, rats were injected with 5 mg 

polyinosinic acid (poly I) 2 min prior to injection with SALPs.  

 

 

Isolation of liver cells, intrahepatic distribution studies 

Liver endothelial cells (EC) and Kupffer cells (KC) were isolated after pronase perfusion and 

digestion of the hepatocytes, followed by gradient centrifugation and counter flow centrifugal 

elutriation as described before (Daemen et al., 1997). Cell numbers in liver suspensions and 

in the cell fractions were determined microscopically and radioactivity in each cell fraction 

was determined as described (Kamps and Scherphof, 2003). 

 

Cell isolation and culture 

For in vitro studies liver endothelial cells were isolated by collagenase perfusion (0.05 %) as 

described before (Kamps and Scherphof, 2003). After isolation, liver endothelial cells were 

cultured in collagen-coated 6 well plates in RPMI-1640 medium supplemented with 20 % 

heat-inactivated fetal calf serum (FCS), 2 mM L-glutamine, 100 IU/ml penicillin, 100 µg/ml 

streptomycin and 10 ng/ml endothelial cell growth factor (Boehringer, Germany) in humidified 

5 % CO2 / 95 % air atmosphere. The medium, now containing 10 % FCS, was replaced after 

20 h and every 24 h thereafter. Experiments with the cultured cells were performed on the 

third day after plating, 24 h incubations with SALPs were started on day two.  

J774 cells, a murine macrophage cell line, were cultured in DMEM containing 10 % FCS, 2 

mM L-glutamine, 100 IU/ml penicillin and100 µg/ml streptomycin in a humidified 5% CO2 / 95 

% air atmosphere. To study the effects of SALPs on ICAM-1 mRNA levels in J 774 cells, 

cells were plated in 6-well plates in appropriate cell numbers so that they reached 80 % 

confluency at the day of experiment. After seeding, cells were allowed to settle for 24 h 

before the SALP incubation period of 24-96 h started. Initial dose was 1 µmol TL (= 7 µg 

ODN) per well and was maintained by adding 0.5 µmol TL every 24 h. Cells were stimulated 

by addition of TNF-α, IL-1β and IFN-γ (20, 10 and 20 ng/ml) 24 hours prior to RNA isolation.  
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Total RNA isolation and cDNA synthesis 

Total RNA was extracted from J774 cells and primary liver EC using RNeasy Mini Kit 

(Qiagen, Germany), as recommended by the supplier. Total RNA (1.5 µg) was treated with 2 

U DNase I (Ambion, Austin, Texas) in a volume of 15 µl to remove contaminating DNA (room 

temperature for 15 min, 65 °C for 10 min).  

RNA (1 µg) was heated (65 °C, 5 min) in the presence of 0.25 µg random hexamer primers 

and 2 ng dNTPs. First strand cDNA synthesis engaged 200 U SuperScript III (Invitrogen, 

Breda, The Netherlands) with 4 µl 5 x first strand buffer, 1 µl 0.1 M DTT, 40 U RnaseOut 

ribonuclease inhibitor in a total volume of 20 µl.  

 

Real-time quantitative Taqman RT-PCR  

Quantitative PCR amplifications were performed on an ABI Prism 7900HT Sequence 

Detection System (Applied Biosystems, Applera Nederland, Nieuwekerk a/d IJssel, The 

Netherlands). Primers and probe for ICAM-1 (NM_010493) were developed in house and 

consisted of unlabeled mRNA specific primer sets and MGB probes labeled with 6-

carboxyfluorescein (FAM) and a non-fluorescent quencher. 

Forward primer: ATGGGAATGTCACCACTCTC, reverse primer: 

GCACCAGAATGATTATAGTCCAGTTATT, MGB (Minor Groove Binder) probe: 

CAGTACTGTACCACTCTC, amplicon size: 108 bp. Unlabeled primers and probe labeled 

with the fluorescent reporter dye VIC at the 5’ end and the quencher 6 -

carboxytetramethylrhodamine (TAMRA) at the 3’ end for the housekeeping gene GAPDH 

were obtained from TaqMan Rodent GAPDG Control Reagents (Applied Biosystems). 

The PCR step contained 1 µl of the appropriate RT reaction, 10 µl TaqMan universal PCR 

master mix (Applied Biosystems), 200 nM primers and 100 nM TaqMan probe in a final 

volume of 20 µl. The PCR cycling conditions were 2 min, 50 °C, 10 min 95 °C, and 40 two-

step cycles of 15 s at 95 °C and 60 s at 60 °C. All samples were assayed in triplicate.  
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Relative quantification of gene expression 

Relative quantification of the ICAM-1 mRNA levels was done by subtracting the GAPDH CT  

(threshold cycle) from the ICAM-1 CT values (∆CT = C T ICAM – C T GAPDH). After subtracting the 

∆CT cont value of the cytokine stimulated control cells (∆CT cont.)from the samples’ ∆CT sample 

value, the relative ICAM-1 mRNA expression level ratio was expressed by 2 -(∆CTsample-∆CT cont.). 

Results of different samples of one experiment were normalized with cytokine stimulated 

control cells arbitrarily set at 1. 

 

Statistical analysis 

Statistical significance of differences was evaluated by two-tailed unpaired Student's t test. 

Differences were considered to be significant when p < 0.05.
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Results  

Physicochemical characteristics of SALPs, one with Aco-HSA directly coupled to the 

liposomal bilayer (Aco-HSA MPB SALPs) and the other with Aco-HSA coupled to the distal 

end of the PEG chains (Aco-HSA Mal-PEG SALPs) are given in Table 1. The amount of 

protein coupled to MPB-PE-containing SALPs under standard coupling conditions (room 

temperature, 4 h) was about 17 µg/µmol total lipid. Under the same conditions protein 

coupling to Mal-PEG SALPs averaged at 45 µg/µmol TL. Lower protein density (18 µg/µmol 

TL) was achieved by using a lower concentration of Mal-PEG-DSPE (0.5 %) and a shorter 

coupling time (0.5 h). The amounts of encapsulated ODN were similar in both types of 

SALPs and also other physicochemical properties were comparable.  

 

(Table 1)  

(Fig. 2) 

 

Further characterization of Aco-HSA MPB SALPs by means of cryo electron microscopy 

shows size homogeneity of the Aco-HSA SALPs preparation (Fig 2). SALPs with higher 

amounts of encapsulated ODN (> 50 µg/µmol TL), as obtained by discontinuous sucrose 

density gradient centrifugation, have a more electron dense core. Upon prolonged 

observation in the electron microscope, these dense cores show signs of destruction by the 

electron beam, consistent with high ODN encapsulation (Frederik et al., 1993). 

 

(Fig. 3) 
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In vivo serum stability of SALPs 

Blood elimination of untargeted stabilized antisense lipid particles either containing Mal-PEG-

DSPE or MPB-PE was examined in Wag/Rij rats (Fig. 3). The two types of untargeted SALPs 

showed comparably slow serum elimination, as measured with 3H-COE a non-degradable 

lipid marker or encapsulated 32P-labelled ODN. After 24 h, 40 % of the total injected dose 

was still present in the blood circulation. Untargeted MPB SALPs were also labeled with 32P-

labelled ODN. The identical blood elimination of the lipid label (3H-COE) and the ODN label 

(32P) demonstrates that the ODN remained chemically intact and tightly associated with the 

SALPs during prolonged circulation. 

 

(Fig. 4, Table 2) 

 

Pharmacokinetics of Aco-HSA SALPs  

Aco-HSA SALPs, with the albumin coupled to the bilayer by means of MPB-PE, showed 

limited blood elimination within 30 min (Fig. 4). Even after 24 h, more than 40% of the total 

injected dose was still in circulation (data not shown). Aco-HSA SALPs with the albumin 

coupled to the distal end of the PEG chains, were cleared very rapidly, resulting in as little as 

5 % or less of the injected dose still in circulation after 30 min (Fig 4), for both the low (15 

µg/µmol) and high (45 µg/µmol) protein density preparations. The differences in blood 

disappearance correlate well with the liver uptake values for the two targeted ODN carrier 

types (Table 2). After 30 min, 80 % of the total injected dose of Aco-HSA Mal-PEG SALPs 

was taken up by the liver, but for the Aco-HSA MPB SALPs this was only 10 %. No 

significant differences between high and low density coupled Aco-HSA Mal-PEG SALPs 

were found in liver uptake and spleen accumulation. The uptake of both Aco-HSA SALP 

preparations, Mal-PEG and MPB, by hepatic endothelial cells and Kupffer cells, was 

determined after isolation of these cell types (Fig. 5). For Aco-HSA Mal-PEG SALPs, liver 

endothelial cells accounted for an uptake of as much as 55 % of the injected dose, whereas 

only 7 % of the injected dose of MPB-PE coupled Aco-HSA MPB SALPs was taken up by 
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these cells after 30 min. Kupffer cell uptake amounted to 25 % of total injected dose with 

Aco-HSA Mal-PEG SALPs and 2 % in the case of Aco-HSA MPB SALPs. Preinjection of 

polyinosinic acid (poly I) (5 mg/rat), an established inhibitor of scavenger receptor (ScR) 

mediated endocytosis, inhibited liver uptake and liver endothelial cell uptake of both Aco-

HSA MPB SALPs and Aco-HSA Mal-PEG SALPs by 70 %, confirming the major involvement 

of the ScR in the uptake process of Aco-HSA coupled lipid particles (Table 2 and Fig. 5). In 

this respect the SALPs behave similar to what we observed earlier for CCLs (Bartsch et al., 

2002). 

 

(Fig. 5) 

 

Interaction of Aco-HSA coupled SALPs with anion exchange resin 

Scavenger receptors require multiple negative charges and sufficient charge density for 

efficient substrate binding (Jansen et al., 1991;Van Berkel et al., 1991). The interaction of the 

Aco-HSA-targeted SALPs with the ScR is therefore probably mainly accounted for by the 

multiple negatively charged groups on the derivatized albumin.  

The conspicuous difference in ScR interaction of the bilayer-coupled Aco-HSA and the distal-

end coupled Aco-HSA SALP preparations could be mimicked by allowing the two 

preparations to interact with an anion exchange column. As shown in Fig. 6, a major fraction 

of the applied amount of Aco-HSA SALPs was eluted without any retention by the anion 

exchange column in physiological buffer. In contrast, distal end coupled SALPs were fully 

retained through interaction with the column. These particles could only be eluted by a high 

ionic strength buffer (10 times concentrated HBS). 

 

(Fig. 6) 
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In vitro uptake studies 

To further substantiate the involvement of ScR in the uptake of targeted SALPs, we 

determined the effect of poly I on in vitro uptake of the particles by isolated liver endothelial 

cells. Three-days-old cultures of primary liver endothelial cells were incubated for 3 h at a 

SALP concentration of 80 nmol TL/ml and 20 µg poly-I /ml, as described in Material and 

Methods. The uptake of the rapidly cleared PEG distal-end coupled Aco-HSA SALPs was 

inhibited by 41.6 % ± 10.6 s.e.m, but also uptake of the slowly clearing bilayer-coupled 

particles was strongly inhibited (65% ± 5.81 s.e.m.), indicating that also the interaction of 

these particles is predominantly mediated by the scavenger receptor. 

 

(Fig. 7) 

 

Biological activity 

We determined whether the ODN, taken up by means of ScR-mediated endocytosis, is 

capable of specifically blocking gene expression. Therefore, cellular ICAM-1 mRNA levels 

were analyzed by means of quantitative real-time RT-PCR after in vitro incubation with Aco-

HSA SALP particles containing an anti-ICAM-1 directed ODN sequence. In in vivo pilot 

studies we were able to detect immunohistochemically upregulation of ICAM-1 expression in 

liver endothelial cells upon lipopolysaccharide (LPS) administration (not shown). With 

primary cultured liver endothelial cells, however, upregulation of ICAM-1 mRNA by a cytokine 

mixture (rr TNF-α [20 ng/ml], rr IL-1β [10 ng/ml], rr IFN-γ [20ng/ml]) was not observed. 

Moreover, we could not observe an effect on the ICAM-1 mRNA levels as a result of 

incubation with Aco-HSA SALPs with these cells. As an alternative model we used J774 

cells, originally a murine macrophage cell type which express both scavenger receptor 

activity and (cytokine-inducible) ICAM-1 (Keidar et al., 1996;Ruetten et al., 1999). Scavenger 

receptor mediated uptake was confirmed by demonstrating that 3H-COE-labeled Aco-HSA 

liposome uptake could be inhibited in J774 cells by 25 µg/ml poly inosinic acid (data not 

shown).  
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The cells were incubated with MPB-PE or Mal-PEG-DSPE coupled SALPs for incubation 

periods varying from 24 to 96 h with a multiple dosing regime (Fig. 7). Isolated total RNA was 

analyzed for ICAM-1 gene expression by real-time RT-PCR. With unstimulated J774 cells no 

effect on the ICAM-1 mRNA level was observed. Addition of the cytokine mixture 24 h prior 

to RNA isolation resulted in an 8-fold (± 2.4 s.e.m.) increased ICAM-1 mRNA level compared 

to untreated cells. Inhibition of cytokine mediated ICAM-1 stimulation was observed in most 

experiments with the Aco-HSA Mal-PEG SALPs incubations. With 70 % reduction of ICAM-1 

stimulation, the effect was most profound at 48 h. With bilayer-coupled Aco-HSA SALPs, no 

consistent effect on ICAM-1 stimulation was observed.  
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Discussion 

When we coupled the negatively charged Aco-HSA directly to the lipid bilayer of MPB-PE 

containing SALPs by routine procedure, the resulting particles contained 17 µg protein/µmol 

total lipid. These particles were very slowly cleared from circulation, concomitant with 

negligible uptake by liver endothelial cells. Probably, when the poly-anionic albumin is 

coupled in this way, it is poorly recognized by the ScR on the endothelial cells, which 

requires a cluster of negative charges for proper receptor-ligand interaction (Keidar et al., 

1996; Ruetten et al., 1999). This interpretation was confirmed by our observation that these 

particles fail to interact with an anion exchange column. At least two explanations are 

conceivable for the low ScR interaction of the surface coupled Aco-HSA SALPs with low (< 

20 µg/µmol) protein density: (i.) steric shielding of the Aco-HSA groups by the PEG chains, 

and (ii.) (partial) neutralization of the negative charge cluster of the Aco-HSA due to close 

proximity to the positively charged DOTAP molecules in the particle's bilayer. Earlier (Bartsch 

et al. 2002), we showed that Aco-HSA-coupled coated cationic lipoplexes (CCLs), which also 

bear PEG but have a neutral surface, interact readily with the ScR, indicating that the mere 

presence of the PEG chains is not likely to be a major cause of the lack of interaction of 

SALPs with ScR. The structure of the CCL differs from that of SALPs in that the CCLs 

consist of an inner core containing the cationic lipid DOTAP complexed to ODN, 

subsequently coated by neutral lipids. This results in a neutral particle surface. In SALPs, on 

the other hand, the DOTAP is, at least in part, localized in the bilayer encapsulating the ODN 

and thus confers positive charge to the particle's surface, which may (partly) neutralize the 

negative charges of the albumin. Hence, we consider the second explanation more likely to 

cause the strongly reduced interaction between particle and receptor. 

In order to position the Aco-HSA further away from the positively charged surface, the protein 

was coupled via maleimide groups at the distal end of bilayer-anchored PEG-chains. When 0.5 

or 1 % Mal-PEG-DSPE was added to the lipid mixture, in addition to 10 % PEG-DSPE, the 

average coupling efficiency obtained was 18 µg/µmol (± 1.4 s.e.m.) or 45 µg/µmol TL (± 4.0 

s.e.m.) respectively, when our standard coupling conditions were applied. These distal-end 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 14, 2004 as DOI: 10.1124/mol.104.004523

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL 4523 

 19

coupled Aco-HSA Mal-PEG SALPs interacted avidly with the ScR and anion exchange column 

and displayed strongly increased targeting potential, irrespective of protein density. Unlike the 

MPB coupled Aco-HSA SALPs, Aco-HSA Mal-PEG SALPs showed very rapid serum 

disappearance: 80 % of the injected dose was taken up by the liver within 30 min and 75 % of 

that was recovered in the endothelial cell fraction. Pre-injection of the scavenger receptor 

inhibitor polyinosinic acid strongly reduced liver uptake, showing that scavenger receptors play a 

major role in the uptake process. Our attempts to subsequently demonstrate a biological effect 

of antisense ODN taken up by liver endothelial cells via scavenger receptors were met with 

limited success. In vitro, ICAM-1 antisense ODN containing Aco-HSA SALPs failed to reduce the 

ICAM-1 mRNA level in primary liver endothelial cells. Although in preliminary in vivo experiments 

we had seen that the level of ICAM-1 expression in the liver sinusoid can be upregulated 

substantially by LPS, as revealed by immunohistochemistry, liver endothelial cells in primary 

culture were consistently refractory to upregulation of ICAM-1 mRNA levels by cytokine 

treatment. Previous studies have failed to demonstrate marked induction of ICAM-1 in isolated 

rat hepatocytes as well (F. Bennett, T. Condon, unpublished data). In J774 cells however, a cell 

line expressing both scavenger receptors and ICAM-1, cytokine mediated ICAM-1 upregulation 

was observed. In these cells, we repeatedly achieved reduction of cytokine stimulated ICAM-1 

expression with anti murine ICAM-1 antisense ODN encapsulated in Aco-HSA Mal-PEG SALPs, 

although occasionally significant antisense effects was not observed. In contrast surface coupled 

Aco-HSA MPB SALPs, however, consistently showed no effect. Obviously, coupling of the 

targeting ligand to the distal end of PEG chains on the particles has a beneficial effect on the 

expression of antisense activity, probably due to enhanced uptake and recognition of the 

particles. Unformulated ODN directed against ICAM-1 also exerts antisense activity at early time 

points.  For J774 cells this has been reported before for other antisense ODNs (Zhu et al., 

2002). 

 

Antisense literature is full of conflicting results, partly due to the use of different cell types. 

However, even within the same cell line, findings can be contradictory. Lucas et al. (2004) 
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observed antisense activity in A549 cells using phosphorothioate ODN and phosphodiester 

ODN sequences complexed in polyplexes, whereas with the transfection reagent Lipofectin® 

the same phosphodiester sequence showed no effect but the phosphorothioate sequence 

did. On the other hand, Leonetti et al. (2001) were able to demonstrate unequivocal 

antisense activity of SALPs. They showed that untargeted SALPs containing c-myc ODN 

antisense (INX6295) in vivo substantially downregulate c-myc in a human melanoma 

xenograft mouse model, causing reduced tumor growth and an increased survival rate. 

 

Carriers for in vivo application of antisense activity have to display stability to protect their 

encapsulated nucleic acid from interaction with serum components (Schatzlein, 2001). On 

the other hand, a prerequisite for efficient transfection activity of non-viral vectors is the 

ultimate destabilization of the complex and the escape of the ODN from the endocytic 

compartment into the cytosol following endocytic internalization (Zelphati and Szoka, Jr., 

1996; Bally et al., 1999; Chirila et al., 2002). The transfection efficacy of antisense particles 

suitable for in vivo applications thus is a matter of a delicate balance between serum stability 

and release from the endocytic compartment (Garcia-Chaumont et al., 2000). This will also 

apply to the intracellular delivery of ODNs by means of the ScR, whose physiological role is 

to allow efficient uptake and intralysosomal destruction of a variety of substances. Our 

results show that intracellular delivery of ODN by means of ScR is feasible and under proper 

conditions may even lead to significant antisense activity. 

 

Unformulated (naked) ODN showed high uptake by liver endothelial cells in vivo by ScR 

mediated uptake (Bijsterbosch et al., 1997; Biessen et al., 1998; Graham et al., 2001). In 

these studies however, much higher doses were applied than in our study. Nonetheless 

these experiments demonstrate that free ODN uptake by EC is substantial but the specificity 

is considerably less than that of our targeted SALP. With free ODN 22 % of the injected dose 

ends up in the EC while with the targeted SALP 55 % of the injected dose ends up in the EC, 

indicating a 2.5-fold increased targeting efficiency. However, a real antisense activity of 
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unformulated oligonucleotides upon ScR mediated uptake has not been reported thus far. 

The advantage of using carrier-mediated delivery, apart from the homing aspect, may be in 

the mechanism of intracelllular processing of the endocytosed material. While unformulated 

ODN is probably very efficiently hydrolyzed in the lysosomal compartment, the presence of 

certain lipid components in the carrier-ODN complex may facilitate partial release of the ODN 

from the endosomes into the cytoplasm before complete destruction can take place. The 

antisense effect displayed by Aco-HSA Mal-PEG SALPs is compatible with that view. As 

discussed earlier (Bartsch et al., 2002), intervention in the expression of adhesion factors 

present on liver endothelial cells could be beneficially applied in anti-inflammatory therapies 

or in the prevention of liver metastases (Scherphof et al., 1997).  

 

In the development of lipid based ODN carrier for in vivo applications, our present results 

represent a rare example of the massive targeted delivery of such non-viral vectors to a 

distinct cell population in the body (Dass, 2002).  
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Legends for figures 
 

Fig. 1: Schematic representation of proposed models for differently coupled Aco-HSA 

SALPs.  

(a) Aco-HSA SALPs with Aco-HSA coupled to MPB-PE present at the particle’s surface. (b) 

Aco-HSA Mal-PEG SALPs with the homing device coupled to the maleimide group at the 

distal end of Mal-PEG-DSPE. The cartoon does not reflect real proportionality of size 

dimensions of all components.  

 

Fig. 2: Cryo electron micrograph of Aco-HSA MPB SALPs. 

(a) Preparation of Aco-HSA MPB SALPs after coupling. (b) Low ODN encapsulating Aco-

HSA MPB SALPs after isolation by sucrose density gradient centrifugation. (c) High ODN 

encapsulating Aco-HSA MPB SALPs after isolation by sucrose density gradient 

centrifugation showing electron dense core. (d) The electron dense cores are vulnerable to 

electron beam damage during observation, same field as (c).  

 

Fig. 3: Serum disappearance of untargeted SALPs. 

32P-ODN-labeled MPB SALPs (triangles, n= 2 error bars indicate range), 3H-COE-labeled 

MPB SALPs (filled circles, n= 4 ± s.e.m.) and 3H-COE-labeled PEG-Mal SALPs (open circles, 

n=2 error bars indicate range) were injected into anaesthetized rats in a dose of 2 µmol 

TL/rat. Blood samples were taken at indicated time points and radioactivity was determined 

as described in Material and Methods.  

 

Fig. 4: Serum disappearance of Aco-HSA MPB SALPs and Aco-HSA Mal-PEG SALPs.  

Aco-HSA MPB SALPs (17 µg/µmol TL, triangles, n=3 ± s.e.m.) or Aco-HSA Mal-PEG SALPs 

(41 µg/µmol TL, filled circles, n=3 ± s.e.m.) or Aco-HSA Mal-PEG SALPs (15 µg/µmol TL, 

open circles, n=2 error bars indicate range) were injected into anaesthetized rats at a dose of 

2 µmol TL/rat. Blood samples were taken at indicated time points and radioactivity was 

determined as described in the Material and Methods section.  
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Fig. 5: Intrahepatic distribution of Aco-HSA Mal-PEG SALPs and Aco-HSA MPB SALPs and 

effect of polyinosinic acid. Uptake by hepatic cell fractions was measured 30 min after 

injection of Aco-HSA Mal-PEG SALPs and Aco-HSA MPB SALPs into anaesthetized rats in a 

dose of 10 µmol TL/kg bodyweight (filled bars). Uptake by hepatic cell fractions after 30 min, 

when 5 mg polyinosinic acid was injected 2min before Aco-HSA Mal-PEG SALPs and Aco-

HSA MPB SALPs (open bars). Data are calculated as percentage of total liver uptake, 

representing means ± s.e.m. of 3 independent experiments. Hepatic cell isolation and 

radioactivity determination were performed as described in Material and Methods. 

 

Fig. 6: Interaction of differently targeted SALPs with anion exchange column.  

3H-COE-labeled Aco-HSA MPB SALPs (circles) or 3H-COE-labeled Aco-HSA Mal-PEG 

SALPs (triangles) were applied to a DEAE column in HBS pH 7.5 and radioactivity in 1 ml 

fractions was measured. SALPs were eluted by HBS pH 7.5 (fraction 1-26) or 10 x HBS pH 

7.5 (fraction 27-46).  

 

Fig. 7: ICAM-1 mRNA expression in J774 cells after incubation with Aco-HSA MPB SALPs 

(a-c) or Aco-HSA Mal-PEG SALPs (d-f), determined by real-time RT-PCR analysis 

The cells were incubated in 6-well plates for 48h (a, d), 72h (b, e), or 96 h (c, f) either with 

targeted SALPs in an initial dose of 1 µmol TL SALP (= 7 µg ODN) per well and additional 

0.5 µmol TL every 24 h thereafter, or with unformulated ODN in an initial dose of 20 µg/well 

and 10 µg/well every 24 h thereafter. 24 hours prior RNA isolation, ICAM-1 expression was 

stimulated by addition of TNF α (20 ng/ml), IL-1β (10 ng/ml) and IFN γ (20 ng/ml).  

Cells were incubated with ODNs or Aco-HSA SALPs as indicated in the figure.  

ICAM-1 mRNA levels were quantified as described in the Material and Methods section and 

expressed relative to the control cytokine stimulated cells. Values are means of three 

analysis ± SD (of one experiment). 
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TABLE 1 

Characterization of Aco-HSA SALPs. 

 

 

 MPB SALPs Mal-PEG SALPs 

size before coupling (nm ± s.e.m.) 100.5 ±  6.2 89.7 ± 3.6 

size after coupling (nm ± s.e.m.) 150.6  ±  21.0 164.6 ± 45.4 

zeta potential before coupling -7.8 mV -1.6 mV 

zeta potential after coupling -13.83 mV -14.01 mV 

ODN content  (µg/µmol ± s.e.m.) 7.8  ± 3.7 8.1 ± 2.5 

 

protein  (µg/µmol ± s.e.m.) 

 

16.6 ± 0.3 
17.9 ± 1.4 (low) 

45.1 ± 4.0 (high) 
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TABLE 2 

Biodistribution of Aco-HSA Mal-PEG SALPs and Aco-HSA MPB SALPs with and 

without preinjection of polyinosinic acid. Serum concentrations, spleen and liver 

uptake of 3H-COE labelled Aco-HSA MPB SALPs (17 µg/µmol TL) and Aco-HSA Mal-

PEG SALPs (45 µg/µmol TL) 30 min after injection into anaesthetized rats in a dose of 2 

µmol TL per rat (n= 3 ± s.e.m.). When indicated, 5 mg polyinosinic acid (poly I) was 

injected 2 min before Aco-HSA MPB-PE SALPs and Aco-HSA Mal-PEG SALPs (n= 3 ± 

s.e.m.). Data are presented as % of injected dose.  

 

 
 Serum Spleen Liver 

             Aco-HSA MPB SALPs 97.1 ± 4.6 2.1 ± 0.9 8.9 ± 3.3 

poly I + Aco-HSA MPB SALPs 96.6 ± 9.7 1.4 ± 0.2 2.0 ± 0.6 

             Aco-HSA Mal-PEG SALPs 1.2 ± 0.3 4.6 ± 0.6 79.3 ± 3.5 

poly I + Aco-HSA Mal-PEG SALPs 32.9 ± 18.5 3.7 ± 0.7 26.9 ± 6.8 
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