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Targeting of Angiogenic Endothelial Cells at Sites of
Inflammation by Dexamethasone Phosphate–Containing
RGD Peptide Liposomes Inhibits Experimental Arthritis

Gerben A. Koning,1 Raymond M. Schiffelers,2 Marca H. M. Wauben,2 Robbert J. Kok,3

Enrico Mastrobattista,2 Grietje Molema,3 Timo L. M. ten Hagen,4 and Gert Storm2

Objective. To investigate whether RGD peptide–
exposing long circulating polyethylene glycol (PEG)
liposomes (RGD-PEG–L) targeted to �v�3 integrins
expressed on angiogenic vascular endothelial cells
(VECs) are able to bind VECs at sites of inflammation
and whether such liposomes containing dexamethasone
phosphate (DEXP) can be used as carriers to interfere
with the development of experimental arthritis.

Methods. Binding and internalization of RGD-
PEG–L were studied by fluorescence-activated cell sort-
ing and confocal microscopy using fluorescently labeled
liposomes. Radiolabeled liposomes were used to test in
vivo pharmacokinetics and inflammation site targeting
in lipopolysaccharide (LPS)–induced inflammation and
adjuvant-induced arthritis (AIA) in rats. In vivo inflam-
mation targeting was visualized by intravital microscopy
using fluorescently labeled RGD-PEG–L. Therapeutic
efficacy of DEXP-encapsulating RGD-PEG–L compared
with nontargeted liposomes was evaluated in rats with
AIA.

Results. RGD-PEG–L bound to and were taken
up by proliferating human VECs in vitro. In vivo,

increased targeting of radiolabeled RGD-PEG–L to
areas of LPS-induced inflammation in rats was ob-
served. Specific association with the blood vessel wall at
the site of inflammation was confirmed by intravital
microscopy. One single intravenous injection of DEXP
encapsulated in RGD-PEG–L resulted in a strong and
long-lasting antiarthritic effect in rat AIA.

Conclusion. RGD-targeted PEG liposomes repre-
sent an endothelial cell–specific drug delivery system
that targets VECs at sites of inflammation. Use of these
liposomes to deliver DEXP to VECs at arthritis-affected
sites proved efficacious in rat adjuvant arthritis. These
data indicate that VECs have an essential role in the
inflammation process and suggest the possibility of
using VEC targeting for therapeutic intervention in
inflammatory processes such as arthritis.

Vascular endothelial cells (VECs) play a crucial
role in inflammation. They are involved in the recruit-
ment of leukocytes into inflamed tissue and react to the
demand of increased supply of oxygen and nutrients by
formation of new blood vessels via the process of
angiogenesis (1–3). The importance of angiogenesis in
arthritic diseases, and of antiangiogenic treatment ap-
proaches, has recently gained considerable attention
(4,5–7). In arthritis, both leukocyte recruitment and
angiogenesis combined with the concomitant production
of soluble inflammation mediators, such as growth fac-
tors and cytokines, by VECs allow for unwanted contin-
uation and exacerbation of the inflammation. Specific
targeting of VEC activity at inflamed sites therefore
offers an attractive approach to study the role of VECs
in inflammatory disease processes and may contribute to
the development of new therapies.

VEC-specific targeting requires selective recog-
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nition of this cell type at sites of inflammation by
immunomodulatory agents. Cellular adhesion molecules
or growth factor receptors that are preferentially ex-
pressed on VECs at inflamed sites may function as
receptors for such recognition (1,3,8,9). The integrin
�v�3 is strongly up-regulated on angiogenic endothe-
lium at sites of inflammation (1,10,11). Arg-Gly-Asp
(RGD) sequence–containing peptides with a cyclic con-
formation have been developed as specific ligands for
�v�3 integrin (12).

Most reports on VEC-specific modulation as
antiinflammatory therapy are limited to in vitro studies
(9,13,14). To date only one report has described in vivo
efficacy, in a study of a systemically applied dicyclic
RGD peptide targeting a proapoptotic peptide directed
to synovial neovasculature in murine collagen-induced
arthritis (4).

Corticosteroids are known to be potent inflam-
mation inhibitors that down-regulate the expression of
cellular adhesion molecules, cytokines, and growth fac-
tors on endothelial cells (15–18) in an NF-�B–
dependent manner (16,19), with decreased adhesion of
immune cells as a consequence (20–22). Additionally,
they exert significant antiangiogenic effects (23,24).
Therefore, corticosteroids are potential compounds for
use in VEC modulation. However, major disadvantages
of the use of corticosteroids include their considerable
systemic toxicity and short systemic half-life.

Encapsulation of corticosteroids in liposomes has
been proven to reduce their side effects and increase
their half-life and accumulation in the inflamed joint,
resulting in strongly enhanced efficacy in rat adjuvant-
induced arthritis (AIA) compared with administration of
free corticosteroid (25–27). To direct the antiinflamma-
tory activity to VECs at the site of inflammation, we
encapsulated water-soluble dexamethasone phosphate
(DEXP) in long-circulating, polyethylene glycol–coated
liposomes (28) to which a cyclic RGD peptide was
covalently attached (RGD-PEG–L). We selected an
RGD peptide with high chemical stability and high
affinity for �v�3 integrin, to target angiogenic VECs at
sites of arthritis involvement (29,30). The peptide is
equipped with a functional group that allows for cova-
lent thioether linkage at the terminal end of the PEG
chains on the surface of the long-circulating liposomes,
thereby creating a multivalent RGD-exposing drug de-
livery system.

The aim of this study was to investigate whether
targeted RGD-PEG–L containing DEXP are able to
bind VECs at sites of inflammation and whether such
liposomes can be used as a drug carrier to interfere with

arthritis. We studied the interaction of RGD-PEG–L
with VECs in vitro with regard to cell binding and
internalization. Pharmacokinetics, biodistribution, and
targeting potential of the RGD-PEG–L were assessed in
healthy rats and in 3 animal models of inflammation, i.e.,
a rat AIA model and a lipopolysaccharide (LPS)–
induced skin inflammation model in mice and rats.
Finally the antiinflammatory activity of DEXP-
containing RGD-PEG–L was studied in rat AIA.

MATERIALS AND METHODS
Materials. N-succinimidyl-S-acetylthioacetate and

cholesterol were obtained from Sigma (St. Louis, MO). Di-
palmitoylphosphatidylcholine (DPPC) was from Lipoid (Lud-
wigshafen, Germany). Maleimide–poly(ethylene glycol)2000-
distearoylphosphatidylethanolamine (Mal–PEG-DSPE) was
obtained from Shearwater Polymers (Huntsville, AL).
Methoxy–PEG-DSPE (mPEG-DSPE) and lissamine rhoda-
mine B sulfonyl-diacyl-phosphatidylethanolamine (Rh-PE)
were purchased from Avanti Polar Lipids (Alabaster, AL).
3H-cholesteryloleylether (3H-COE) was obtained from Amer-
sham (Buckinghamshire, UK). Dexamethasone disodium
phosphate was from Bufa (Uitgeest, The Netherlands). Sepha-
rose CL-4B was from Pharmacia (Uppsala, Sweden). All
chemicals were analytical grade or the best grade available.

Liposomes. Liposomes were composed of DPPC, cho-
lesterol, mPEG-DSPE, and Mal–PEG-DSPE in a 1.85:1:0.075:
0.075 molar ratio. When required, liposomes were labeled with
trace amounts of 3H-COE (0.25 Ci/mole total liposomal lipid
[TL]) or with 0.1 mol% of the fluorescent bilayer marker
Rh-PE or 1,1�-dioctadecyl-3,3,3�,3�-tetramethylindodicarbo-
cyanine perchlorate (DiD; Molecular Probes, Leiden, The
Netherlands). Lipids dissolved in chloroform and methanol
were mixed, and a lipid film was made by rotary evaporation.
The lipid film was hydrated in HN buffer (10 mM HEPES, 135
mM NaCl [pH 6.7]). DEXP was encapsulated by hydrating
with HN buffer containing 50 mg/ml DEXP at a ratio of 1 mg
DEXP/�mole total lipid. Liposomes were sized by repeated
extrusion through polycarbonate membranes with a final pore
size of 50 nm, using a high-pressure extruder (Lipex, Vancou-
ver, British Columbia, Canada). Unencapsulated DEXP was
separated from liposomal DEXP by gel permeation chroma-
tography over a Sepharose CL-4B column, using HN buffer
(pH 6.7) as eluent.

Liposomes for biodistribution studies using 67Ga were
formed in HN buffer containing 5 mM of the chelator defer-
oxamine mesylate (Desferal; Novartis, Basel, Switzerland).
The 67Ga was entrapped in preformed deferoxamine-
containing liposomes as described previously (31).

Coupling of peptides to liposomes. The cyclic 5-mer
RGD c(RGDf[�-S-acetylthioacetyl])K and control RAD pep-
tide c(RADf[�-S-acetylthioacetyl])K (both described in ref.
30) were synthesized at a purity of 95% by Ansynth Service BV
(Roosendaal, The Netherlands). The thioacetyl group was
used for thioether linkage to the liposomes (32). Briefly,
peptide was deacetylated in an aqueous solution of 0.05M
HEPES/0.05M hydroxylamine HCl/0.03 mM EDTA (pH 7.0)
for 30 minutes at room temperature. Next, the deprotected
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peptide was incubated overnight at 4°C with the maleimide-
containing liposomes at a ratio of 0.3, 1.0, or 3.0 �g peptide/
�mole TL. Liposomes were purified by gel permeation chro-
matography over a Sepharose CL-4B column, using HN buffer
(pH 7.4) as eluent. Alternatively, liposomes were separated
from noncoupled peptides and concentrated by 2 ultracentrif-
ugation steps of 75 minutes at 200,000g using a Beckman
Optima LE-80K ultracentrifuge and a Ti70 fixed angle rotor,
including rinsing with 10 ml of HN buffer (pH 7.4). Liposomes
were stored under nitrogen at 4°C and used within 4 weeks
after preparation.

Liposome characterization. Particle size and size dis-
tribution were determined by dynamic laser light scattering
using a Malvern 4700 system (Malvern Instruments, Malvern,
UK) equipped with a 75-mW argon laser (Uniphase, San Jose,
CA). Data were analyzed with Automeasure software, version
3.2 (Malvern Instruments). The liposomes used in the present
study had a mean particle size of 0.1 �m and a polydispersity
of �0.1; the latter is a measure of the variation in particle size
and varies between 0 (monodispersed) and 1 (heterogeneous).
The phospholipid phosphorus content of each liposome prep-
aration was determined with a phosphate assay (33). DEXP-
containing liposomes were extracted according to the method
described by Bligh and Dyer (34), after which the organic
phase was analyzed for phospholipid content. TL concentra-
tions were calculated, taking into account the amount of
liposomal cholesterol. DEXP content in the water/methanol
phase was determined by reverse-phase high-performance
liquid chromatography (RP-HPLC) over an Alltima RP18
column (Alltech, Breda, The Netherlands) with a mobile phase
consisting of water (acidified to pH 2 with phosphoric acid)/
acetonitrile (75:25 [volume/volume]). DEXP was detected by
measuring the absorbance at 254 nm. Liposomal DEXP con-
tents varied between 30 and 60 �g DEXP/�mole TL, repre-
senting an encapsulation efficiency of 3–6%.

The amount of RGD or RAD peptide coupled to the
liposomes was detected indirectly by measuring the fraction of
peptide not coupled to the liposomes obtained after separation
of the liposomes. Peptide determination was done by RP-
HPLC using a C-18 column (particle size 5 �m, length 250 mm;
Alltima) with a gradient mobile phase changing within 30
minutes from 100% solvent A (acetonitrile:H2O 5:95 [weight/
weight]) to 25% solvent A and 75% solvent B (acetonitrile:
H2O 95:5 [w/w]). Solvent A and solvent B contained 0.08
volume % and 0.1 volume % trifluoroacetic acid, respectively.
The peptide was detected by measuring the absorbance at 214
nm. In all peptide-liposome preparations, the detected amount
of noncoupled peptide was �1% at the indicated peptide:
liposome ratios. Similar results were obtained using a thiol and
sulfide quantitation kit according to the instructions of the
manufacturer (Molecular Probes). From these results it was
calculated that at the peptide:lipid ratios of 0.3, 1.0, and 3.0
�g/�mole and the virtually quantitative coupling, �30, 100, or
300 peptide molecules were coupled per liposome, assuming that
80,000 phospholipid molecules form 1 vesicle of 100 nm (35).

Cells. Human umbilical vein endothelial cells
(HUVECs) were isolated according to the method of Jaffe et
al (36) and cultured at 37°C in a 5% CO2–containing humid
atmosphere in RPMI 1640 medium containing 25 mM HEPES
and 2 mM L-glutamine (Gibco, Breda, The Netherlands)
supplemented with 20% (v/v) heat-inactivated fetal calf serum
(Gibco), 100 IU/ml penicillin, 100 �g/ml streptomycin, and

0.25 �g/ml amphotericin B (Gibco). HUVECs were used up to
passage 4. Cells growing in an 80% confluent monolayer were
detached using 1 mM EDTA in phosphate buffered saline
(PBS), after removal of the culture medium and repeated
rinsing with PBS.

Fluorescence-activated cell sorter (FACS) analysis of
liposome association with HUVECs. Detached cells (1 � 105)
were transferred, in FACS buffer (PBS supplemented with 1%
bovine serum albumin, CaCl2 [1.26 mM], and MgSO4 [0.81
mM]), to FACS tubes and incubated with various amounts of
Rh-PE–labeled control PEG liposomes or RGD-PEG lipo-
somes for 1 hour at 37°C or 4°C. The dependency of cell
association on the liposomal peptide density was studied by
adding 500 nmoles/ml liposomes with different RGD peptide
densities. Next, cells were washed repeatedly in FACS buffer,
fixed with 2% formaldehyde in PBS, and analyzed for fluores-
cence content with a flow cytometer (Becton Dickinson, Al-
phen ad Rijn, The Netherlands). Results were analyzed using
WinMDI software, version 2.8 (Joseph Trotter, The Scripps
Research Institute, La Jolla, CA). HUVECs expressed �v�3
integrin on their cell surface, as determined by FACS analysis
using mouse monoclonal antibody BV3, specific for human
�v�3 integrin (Abcam, Cambridge, UK).

Confocal laser scanning microscopy analysis of lipo-
some uptake by HUVECs. HUVECs were plated in
fibronectin-coated 16-well chamber slides and the next day
were incubated for 1 hour with 200 nmoles TL/ml of DiD-
labeled PEG-L, RAD-PEG–L, or RGD-PEG–L. After incu-
bation, cells were washed 3 times with PBS (4°C) and fixed in
2% formaldehyde overnight at 4°C. After washing with PBS
and deionized water, they were embedded in Fluorsave Re-
agent (Calbiochem, San Diego, CA) and covered with a glass
coverslip. Images of cells were collected with a Leica TCS-SP
confocal laser scanning microscope equipped with a 488-nm
argon, 568-nm krypton, and 647-nm HeNe laser (Leica, Rijs-
wijk, The Netherlands).

Animals. Female, specific pathogen–free RP/AEur/
RijHsd strain albino rats (18–25 weeks of age, weighing
185–225 gm) (Harlan, Horst, The Netherlands) were used for
induction of inflammation with LPS. Male BALB/c mice (6–8
weeks of age) were obtained from Charles River (Wilmington,
MA) and used for window chamber studies.

For induction of AIA, male inbred Lewis rats between
7 and 9 weeks of age were obtained from the University of
Limburg (Maastricht, The Netherlands). Rats were injected
intradermally at the base of the tail with 0.1 ml of a 5 mg/ml
suspension of heat-inactivated Mycobacterium tuberculosis in
Freund’s incomplete adjuvant (Difco, Detroit, MI). This re-
sults in the appearance of paw inflammation after �10 days.

The animals were kept under conventional conditions
and had access to standard pelleted chow and acidified water
ad libitum. Experiments were performed according to national
regulations, after approval by the local animal experiments
ethical committee.

Liposome pharmacokinetics and biodistribution in
rats with LPS-induced inflammation. LPS was administered
subcutaneously (SC) to rats at a dose of 100 ng. Four hours
later, rats were injected intravenously (IV) with 67Ga-
liposomes at 5 �moles TL/kg. One, 4, 8, and 24 hours after
liposome administration, blood samples were obtained by
retroorbital bleeding using heparanized capillaries. Twenty-
four hours after liposome administration, rats were killed and
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inflamed skin samples, control skin samples, liver, spleen,
lungs, and kidneys were dissected, weighed, and assessed for
radioactivity content together with blood samples, using a
Minaxi autogamma 5000 gamma counter (Packard, Meriden,
CT). Blood clearance was represented as the percent of the
injected dose. Blood volume was �5.3% of the total body
weight of the rat (31). For other tissues, the percent of the
injected dose was represented per total organ or per gram of
tissue, as indicated.

Visualization of vasculature binding of liposomes by
intravital microscopy. The dorsal skinfold chamber was pre-
pared by a modification of a procedure described by Papenfuss
et al (37); we have previously described this modified proce-
dure (38). Inflammation was induced in skin placed in the
window chamber, by SC injection of 100 ng LPS in a volume of
10 �l. Four hours later, Rh-PE–labeled RGD-PEG–L or
PEG-L was injected IV at a dose of 1 �mole. Mice were
anesthetized by intraperitoneal administration of ketamine
and xylazine and fixed to a microscope stage. The vasculature
at the site of inflammation was viewed with a Leica DM-RXA
fluorescence microscope. Images of the inflamed site were
acquired using a Sony 3CCD DXC950 digital color video
camera connected to a PC. Image acquisition and analysis were
performed with Research Assistant 3.0 for Windows 98 (RVC,
Hilversum, The Netherlands).

Liposome pharmacokinetics and biodistribution in
rats with AIA. Pharmacokinetic and biodistribution studies
were performed on arthritic rats (arthritis score of �8 [see
below]; typically obtained on approximately day 20 after
disease induction), by IV injection of 3H-COE–labeled PEG-L
or RGD-PEG–L at 5 �mole/kg. One, 2, 4, 8, and 24 hours after
injection, with the rats under light anesthesia, blood samples
from the tail were collected in EDTA-containing microtubes
(Greiner, Alphen aan den Rijn, The Netherlands). Twenty-
four hours after injection, rats were killed and the liver and
spleen were dissected, weighed, and homogenized in PBS using
a Potter Elvehjem tube (39). Blood samples and samples from
liver and spleen homogenates were incubated for 1 hour at
50°C with Solvable (Packard, Groningen, The Netherlands) at
a 1:2 ratio. All samples were discolored by incubation at 50°C
with EDTA (0.1M) and hydrogen peroxide (30%) in a volume
ratio of 1:0.5:1, until a pale yellow homogenate was obtained.
Subsequently, samples were mixed with 10 ml Ultima Gold
scintillation fluid (Packard) and, after overnight incubation,
analyzed by scintillation measurement.

Treatment and clinical scoring of AIA. Rats were
treated at disease onset, typically on day 11 or 12 after
immunization, by a single IV injection of 1 mg/kg DEXP-
encapsulating PEG liposomes or RGD liposomes, into the tail
vein. Empty RGD liposomes at an equimolar dose were
used as a control. Arthritis severity was scored by grading
each paw from 0 to 4 based on erythema, swelling, and
immobility of the joints, resulting in a maximum possible
score of 16 per animal.

Statistical analysis. Statistical analysis was performed
using GraphPad Prism 3.05 (GraphPad Software, San Diego,
CA). The significance of differences in in vitro liposome cell
association and in vivo targeting was evaluated by Student’s
2-tailed unpaired t-test. For comparison of arthritis scores, the
Mann-Whitney test was used.

Figure 1. A, In vitro cell association of RGD peptide–exposing long-
circulating polyethylene glycol liposomes (RGD-PEG–L) ( ) and
PEG-L (F) with human umbilical vein endothelial cells (HUVECs), as
a function of liposome concentration. After incubation for 1 hour at
37°C with lissamine rhodamine B sulfonyl-diacyl-phosphatidyl-
ethanolamine–containing liposomes and subsequent detachment of
cells, fluorescence-activated cell sorter analysis was performed. RGD-
PEG–L contained �300 RGD peptide molecules per liposome. B,
Increased association of RGD liposomes with HUVECs in vitro with
increasing RGD density at the liposomal surface. A density of 100 or
300 RGD molecules per liposome resulted in a significant increase in
association compared with liposomes without RGD (density 0) (P �
0.005 by Student’s unpaired t-test). Association was 3-fold lower at 4°C
(shaded bars) than at 37°C (solid bars), indicating internalization of
the liposomes. Values are the mean � SEM from 4–5 separate
experiments. ND � not determined.
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RESULTS
Increased association of RGD-PEG liposomes

with HUVECs. The cellular interaction of fluorescently
labeled RGD-PEG–L with HUVECs was studied as a
function of lipid concentration and liposomal peptide
density during 1-hour incubation at 4°C and 37°C (Fig-
ure 1). The association of RGD-PEG–L with HUVECs,
in comparison with control PEG-L (Figure 1A), was
6–10-fold higher at lipid concentrations of up to 25
nmoles/ml and 3–4-fold higher at concentrations �50
nmoles/ml, indicating saturable cell-specific associa-
tion. The degree of association increased with an in-
crease in RGD density from 0 to 300 molecules per
liposome (Figure 1B). The degree of cell association
showed a clear temperature dependency: the associa-
tion of RGD-PEG–L with �300 peptide molecules
per liposome was approximately 3-fold lower at 4°C than
at 37°C. This temperature-dependent association may
represent the difference between cell binding at 4°C
and cell binding combined with internalization occurring
at 37°C.

Internalization of the RGD-PEG–L was evident
from confocal laser scanning microscopy. Figure 2 shows
a cell section, demonstrating intracellular punctate flu-
orescence. Significant levels of HUVEC-associated flu-
orescence were observed only upon incubation with
RGD-PEG–L. Incubation with RAD-PEG–L or PEG-L
without coupled peptide did not result in detectable
levels of cell-associated fluorescence (results not
shown). In addition, in a previous study we demon-
strated the specificity of the in vitro interaction of
RGD-PEG–L with HUVECs by showing strong inhibi-
tion of the RGD-PEG–L association with HUVECs
by administration of excess amounts of free RGD pep-
tide (38).

Enhanced targeting of RGD-PEG–L to sites of
inflammation. In order to study the occurrence of VEC
targeting to sites of inflammation, a rat model of LPS-
induced inflammation was used. We quantified the
amount of RGD-PEG–L localizing at the inflamed site
in rats by using radioactively labeled liposomes admin-
istered 4 hours after induction of the inflammation. The
degree of targeting, pharmacokinetics, and tissue distri-
bution 24 hours after injection were also assessed.
RGD-PEG–L, exposing 300 RGD molecules per parti-
cle, were more rapidly removed from the circulation
than PEG-L without exposed RGD peptide (Figure 3A).
The pharmacokinetics of PEG-L exposing 300 molecules
of the control RAD peptide per liposome (RAD-
PEG–L) was virtually identical to that of PEG-L without

peptides, and thus strikingly different from that of
RGD-PEG–L. Increased uptake of RGD-PEG–L in the
liver, and even more increased uptake in the spleen
(Figure 3B), compared with uptake of RAD-PEG–L and
PEG-L was observed after 24 hours. RGD-PEG–L showed
3-fold increased targeting to the site of inflammation in
comparison with RAD-PEG–L or PEG-L (Figure 3C).
Levels of accumulation of RGD-PEG–L in inflamed skin
were 6–10-fold higher than in normal skin.

Visualization of VEC binding at sites of inflam-
mation. The binding of RGD-PEG–L to VECs at the
inflamed site was examined in living animals by using

Figure 2. Internalization of fluorescently labeled RGD-PEG–L by
HUVECs in vitro, as observed by confocal laser scanning microscopy.
A, Transmitted light image. B, Fluorescent microscopic image of the
same section as in A. Fluorescence appeared mainly perinuclear. N �
nuclei. Bars � 20 �m. See Figure 1 for definitions.
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intravital microscopy with a dorsal flap window chamber,
on a mouse in which inflammation had been induced by
local SC administration of LPS. RGD-PEG–L injected 4
hours after induction of inflammation bound rapidly
(within 1 hour) and extensively to the vessel wall at the
inflamed site, in contrast to PEG-L (Figure 4). Binding
of the RGD-PEG–L to the vessel wall was limited to the

LPS-injected area, indicating specific targeting of these
liposomes to VECs at inflamed vessels.

Increased clearance of RGD-PEG–L from the
circulation in arthritic rats. The pharmacokinetic be-
havior of RGD-PEG–L with 300 RGD molecules per
liposome, after IV injection into arthritic rats, was
compared with that of PEG-L (Figure 5). Rats with an

Figure 3. Pharmacokinetic behavior and target site localization of RGD peptide–exposing long-circulating
polyethylene glycol liposomes (RGD-PEG–L), RAD-PEG–L, and PEG-L in rats with lipopolysaccharide-
induced inflammation. Liposomes were administered intravenously (IV) 4 hours after induction of inflammation.
A, Circulation kinetics during the 24 hours after injection of RGD-PEG–L ( ), PEG-L (F), or RAD-PEG–L (�).
B and C, Tissue distribution (B) and localization at site of inflammation (C) of RGD-PEG–L (solid bars), PEG-L
(shaded bars), and RAD-PEG–L (open bars), determined 4 hours after IV administration. Circulation time of
RGD-PEG–L was decreased compared with control RAD-PEG–L or PEG-L. The reduced circulation capacity
could be explained by increased uptake in the liver and spleen. Strongly increased localization of RGD-PEG–L
at the site of inflammation was observed in comparison with control liposomes (P � 0.01) and with localization
in normal uninflamed skin (P � 0.0001). Values are the mean � SD (n � 3–6 rats per group). ID � injected dose.
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arthritis score of �8 were injected with 3H-COE–labeled
liposomes at a dose of 5 �moles TL/kg body weight.
Increased initial clearance, especially during the first 2
hours after injection, was observed with RGD-PEG–L in
comparison with PEG-L (Figure 5A) and was accompa-
nied by increased uptake in the liver, as observed 24
hours after injection (Figure 5B). Uptake of RGD-
PEG–L in the spleen at 24 hours after injection was
somewhat lower than uptake of PEG-L.

Enhanced therapeutic efficacy of DEXP-
containing RGD-PEG liposomes in AIA. The antiar-
thritic activity of IV-administered DEXP-containing

RGD-PEG liposomes (RGD-DEXP-PEG–L) was stud-
ied in comparison with that of DEXP-containing PEG
liposomes (DEXP-PEG–L) and RGD-PEG–L without

Figure 4. Intravital fluorescence microscopic images obtained from
skin of a mouse with subcutaneous lipopolysaccharide (LPS)–induced
inflammation, in a dorsal flap window chamber, demonstrating binding
of fluorescently labeled RGD peptide–exposing long-circulating poly-
ethylene glycol liposomes (RGD-PEG–L) (A), but not PEG-L (B), to
the blood vessel wall at the inflamed site. Liposomes were injected
intravenously 4 hours after LPS injection. Images were obtained 1 hour
after injection of liposomes.

Figure 5. Pharmacokinetic behavior of RGD peptide–exposing long-
circulating polyethylene glycol liposomes (RGD-PEG–L) and PEG-L
in arthritic rats. Rats were inoculated with Mycobacterium tuberculosis
in Freund’s incomplete adjuvant to induce arthritis. Rats with ongoing
arthritis (disease score �8) were injected intravenously with 3H-
cholesteryloleylether–labeled liposomes (5 �moles total liposomal
lipid/kg body weight). A, Increased clearance of RGD-PEG–L ( )
from the circulation, compared with PEG-L (F) (P � 0.03). B,
Increased uptake of RGD-PEG–L (solid bars) in the liver (P �
0.0001), compared with PEG-L (open bars).Values are the mean � SD
(n � 3 rats per group).
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incorporated drug and buffer. Induction of adjuvant
arthritis by immunizing rats with heat-inactivated Myco-
bacterium tuberculosis resulted in onset of the disease on
day 12 after immunization. Rats were treated on this day
by a single IV administration of 1 mg/kg DEXP in the
various liposome formulations, or with an equimolar
lipid dose for control formulations without DEXP (Fig-
ure 6). Treatment with RGD-DEXP-PEG–L strongly
inhibited disease development during the first 3 days
after treatment and also strongly reduced the peak levels
of arthritis severity during the entire course of the
disease. RGD-DEXP-PEG–L were by far more effica-
cious than either non–RGD-targeted DEXP-PEG–L or
empty RGD-PEG–L treatments (both P � 0.05).

DISCUSSION

In this study we demonstrated that liposomes
with coupled RGD peptides on their surface can be
targeted to �v�3 integrins expressed on VECs. Target-
ing to human VECs was clearly observed in vitro and,
more importantly, in vivo (to VECs at sites of inflam-
mation in a model of SC LPS–induced inflammation in
mice and rats). Loading such liposomes with the water-
soluble corticosteroid DEXP, with the aim of interfering
with VECs at areas of arthritis involvement, resulted in
a strong and long-lasting antiarthritic effect with only a

single IV injection in rats with AIA. Although the exact
mechanism by which the RGD-DEXP-PEG liposomes
are able to exert this effect is currently unknown and the
subject of further research, the data strongly suggest
involvement of VEC modulation at the sites of arthritis
involvement. This would indicate the importance of this
cell type in the inflammation, and the potential for use
of an active VEC-targeting approach for therapeutic
intervention in arthritis.

Cell-specific targeting with particulate carriers,
and especially liposomes, has long been performed by
linkage of rather large targeting ligands, in particular
antibodies or antibody fragments, to the liposomal bi-
layer or, later, to the distal end of the PEG chains of
long-circulating liposomes (39–42). More recently, lipo-
somes have been equipped with small peptides for
cell-specific targeting (43–46). We show herein that
covalent linkage of a cyclic RGD sequence–containing
peptide results in specific association of PEG liposomes
with HUVECs in vitro, in a liposome dose–, peptide
density–, and temperature-dependent manner. Confocal
laser scanning microscopy demonstrated that cell bind-
ing of the RGD-PEG–L is followed by internalization.
Internalization of drug carriers is an attractive feature
for intracellular drug delivery. In the case of liposomal
DEXP, endocytic uptake and subsequent intracellular
processing will yield dexamethasone, the active parent
drug. The dexamethasone itself can, by virtue of its
amphiphilic nature, easily pass endosomal membranes
and reach the glucocorticoid receptor in the cytosol in a
manner comparable with that described for a
dexamethasone/antibody conjugate (9).

Besides demonstrating in vitro cell binding, we
also confirmed in vivo binding of RGD-PEG–L to VECs
at inflamed sites in a model of SC LPS–induced inflam-
mation. Our results represent the first demonstration of
in vivo targeting of RGD-targeted liposomes to VECs
during inflammation. We used a mouse dorsal skin flap
window chamber model, which allows examination of
liposome–vessel wall interactions in the living animal
(37,47). Strong binding of RGD-PEG–L to the vessel
wall at the inflamed site was observed 4 hours after
induction of inflammation.

The degree of specific targeting of RGD-PEG–L
was determined in a rat model of inflammation, also
induced by LPS. A 3-fold higher level of localization of
RGD-PEG–L at the inflamed site was observed in
comparison with localization of RAD-PEG–L or
PEG-L, despite the relatively unfavorable circulation
kinetics of the RGD-PEG–L (Figure 3). Levels of
localization of all 3 types of liposomes in the inflamed
skin were higher than those in normal skin. Control

Figure 6. Therapeutic activity of systemically administered RGD-
targeted dexamethasone phosphate (DEXP)–containing liposomes
( ) in comparison with nontargeted DEXP liposomes (F), non–drug-
containing RGD liposomes (�), and buffer-treated control ({) in rats
with adjuvant-induced arthritis. Rats were treated on day 12 by a single
intravenous administration of one of the targeted or nontargeted
liposomal DEXP preparations at 1 mg/kg, or with empty liposomes or
buffer as controls. Values are the mean and SEM (n � 5 rats per
group).
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liposomes (RAD-PEG–L or PEG-L) most likely local-
ized in the inflamed skin due to the enhanced perme-
ability and retention effect, as demonstrated for long-
circulating liposomes at sites of inflammation or
infection (25,48). It has been reported that enhanced
permeability and retention–mediated extravasation in-
creases with increasing circulation time of the liposomes
(31). Therefore, it is notable that RGD-PEG–L localize
to the highest degree at the inflamed site despite their
much shorter circulation time. This observation suggests
that specific VEC-binding of RGD-PEG–L is more
important than enhanced permeability and retention–
mediated extravasation.

Treatment of rat AIA with DEXP-containing
RGD-PEG–L resulted in stronger antiinflammatory ef-
fects compared with DEXP-PEG–L treatment. RGD-
DEXP-PEG–L treatment significantly delayed disease
development and also resulted in lower arthritis severity
throughout the course of the disease. These findings
combined with the observation of VEC targeting of
RGD-PEG–L to sites of inflammation (demonstrated in
this study) as well as to tumor vasculature (38) suggest
potentially significant efficacy of RGD-PEG–L–
mediated delivery of DEXP to VECs at inflamed sites.

The therapeutic efficacy of free DEXP was not
assessed in the present study. However, in previous
studies the effects of free corticosteroids such as DEXP
and prednisolone phosphate in relation to the efficacy of
liposomal formulations have been carefully assessed in
this arthritis model as well as in a murine collagen-
induced arthritis model. In all of these studies a single
administration of free drug exerted minor or no efficacy
in alleviating the inflammation, whereas liposomal for-
mulations were efficacious (25–27).

The use of RGD-DEXP-PEG–L allowed early
intervention in AIA by targeted delivery of DEXP.
Evidence that angiogenesis and related expression of
�v�3 integrins occur in early phases of AIA has been
found in a few studies (49–51). To date, only 2 reports
have described the therapeutic potential of RGD-
mediated �v�3 integrin targeting in arthritis (4,50).
Storgard et al intraarticularly injected a cyclic RGD
peptide as �v�3 integrin antagonist in a rabbit model of
AIA (50). Although rapid binding of the peptides to
�v�3 integrins at the inflamed site 24 hours after disease
onset was observed, therapeutic efficacy was obtained
only on days 14–28 after disease onset, with weekly
repeated intraarticular administration of high doses of
peptide (50). Our data, in contrast, reveal immediate
therapeutic efficacy resulting from a single IV adminis-
tration of RGD-DEXP-PEG–L, suggesting that angio-

genic processes can be utilized efficiently for drug
targeting purposes in arthritis.

Gerlag and colleagues demonstrated consider-
able efficacy of an IV-administered apoptotic peptide
targeted to neovasculature by means of a dicyclic RGD
peptide, in the treatment of established collagen-
induced arthritis in mice (4). In comparison with the
monovalent RGD–apoptotic peptide construct, RGD-
PEG–L may well benefit from enhanced affinity for
�v�3 integrins on angiogenic VECs, since it is a multi-
valent RGD–exposing system. Multivalent RGD expo-
sure on a protein backbone has been shown to result in
enhanced receptor affinity compared with the monova-
lent free peptide (30).

Corticosteroids have been reported to inhibit
expression of several leukocyte adhesion molecules on
endothelial cells, thereby reducing leukocyte adherence
(17,20–22). Additionally, corticosteroids are known to
exert a significant antiangiogenic effect (23,24). Which
mechanism is involved in the findings presented here, or
whether the two cooperate, is unclear at present, but this
will be the subject of further research. Notably, VEC
targeting of corticosteroids resulted in a long-lasting
disease-suppressive effect, illustrating the promise of
this approach for improved therapy in arthritis.

In conclusion, we have developed an RGD-
targeted liposomal drug delivery system that specifically
binds VECs in vitro and endothelium at sites of inflam-
mation in vivo. Binding resulted in internalization, a
prerequisite for efficient intracellular drug delivery.
RGD-PEG–L could rapidly target inflammation, as
demonstrated by increased RGD-PEG–L localization in
LPS-induced inflammation. Using these liposomes to
deliver DEXP to VECs at sites of arthritis involvement
proved very efficacious in rat AIA, indicating promise
for the treatment of rheumatoid arthritis. Future re-
search will focus more precisely on the mechanisms
involved and may also explore delivery of other antiin-
flammatory compounds by the RGD-targeted lipo-
somes.
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