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Abstract

Because angiogenesis plays a major role in the perpetuation of inflammatory arthritis, 
we explored a method for selectively targeting and destroying new synovial blood 
vessels. Mice with collagen-induced arthritis were injected intravenously with phage 
expressing an RGD motif. In addition, the RGD peptide (RGD-4C) was covalently linked 
to a proapoptotic heptapeptide dimer, D(KLAKLAK)2, and was systemically administered 
to mice with collagen-induced arthritis. A phage displaying an RGD-containing cyclic 
peptide (RGD-4C) that binds selectively to the αvβ3 and αvβ5 integrins accumulated 
in inflamed synovium but not in normal synovium. Homing of the RGD-4C phage to 
inflamed synovium was inhibited by co-administration of soluble RGD-4C. Intravenous 
injections of the RGD-4C-D(KLAKLAK)2 chimeric peptide significantly decreased clinical 
arthritis and increased apoptosis of synovial blood vessels, whereas treatment with 
vehicle or uncoupled mixture of the RGD-4C and the untargeted proapoptotic peptide 
had no effect. Targeted apoptosis of synovial neovasculature can induce apoptosis and 
suppress clinical arthritis. This form of therapy has potential utility in the treatment of 
inflammatory arthritis.
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Introduction

In rheumatoid arthritis (RA), the synovium is characterized by hyperplasia of the intimal 
lining layer and mononuclear infiltration of the sublining, leading to erosion of cartilage 
and subchondral bone by invasive pannus (1). Angiogenesis plays a crucial role in the 
formation of pannus, and the extensive network of blood vessels facilitates recruitment 
of mononuclear cells (2). Proangiogenic mediators found in RA synovial tissue regulate 
migration and proliferation of endothelial cells. In addition, αvβ3 and αvβ5 integrins 
are important in angiogenesis (3-5). αvβ3 is expressed on synovial blood vessels in 
rheumatoid arthritis (6;7) and αv antagonists injected directly into the joint suppress 
synovitis in rabbits (7). Therefore, targeted induction of apoptosis in the neovasculature 
is a potential therapy for RA (8).

We evaluated a novel method of targeted drug delivery to inflamed joints using 
peptides that selectively bind to neovasculature (9). Our data show that a constrained 
cyclic RGD peptide that binds to αvβ3 and αvβ5 integrins (10) homes to blood vessels in 
inflamed synovium after systemic administration. This peptide was covalently linked to 
a 14-amino-acid proapoptotic peptide and successfully suppressed arthritis in collagen-
induced arthritis (CIA).

Material and Methods

Phages and peptides

Insertless fd phage and phage presenting the peptide CDCRGDCFC (RGD-4C) was 
prepared as described elsewhere (10-12). The chemical structure of RGD-4C was deter-
mined by NMR analysis and is described in detail elsewhere (13). K91kan bacteria were 
a gift from G. Smith. The peptides RGD-4C, CARAC, D(KLAKLAKKLAKLAK) [designated 

D(KLAKLAK)2] and CDCRGDCFC-GG-D(KLAKLAKKLAKLAK) [designated (RGD-4C)-GG-

D(KLAKLAK)2 ] were synthesized by AnaSpec, Inc (San Jose, CA, USA).

Collagen-induced arthritis in mice

CIA was induced in 6- to 8-week-old male DBA/1J mice (Jackson Laboratories, Bar Harbor, 
ME, USA), as previously described (14;15).
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Phage delivery and detection

To determine homing characteristics of the RGD-4C phage in vivo, mice with CIA on day 
35 after immunization were anesthetized and injected with 200 µl of medium contain-
ing 1010 transducing units (TU) of phage into the tail vein. After 5 min, the mice were 
perfused with 5 ml of medium given through the right atrium. The organs of interest 
and the synovia were pooled, homogenized, incubated with K91kan bacteria for 30 
min, and plated on tetracycline plates. Phage enrichment was calculated as the ratio of 
TU/g of synovial tissue divided by the TU/g of brain tissue. Because animals are perfused 
and sacrificed within minutes after administration, relative rates of penetration into 
the target tissue do not influence this assay system (i.e., the target is the intravascular 
surface of the blood vessels). For the competitive peptide inhibition studies, the phage 
was injected with either 1 mg of the RGD-4C peptide or with 1 mg of a control peptide, 
CARAC (16). Unimmunized mice were used as normal controls.

Treatment protocol for CIA

In the clinical efficacy study, mice with established CIA were anesthetized and in-
jected intravenously on days 35 and 41 with either 500 µg of covalently linked RGD-4C 

D(KLAKLAK)2 dissolved in 500 µl DMEM (n=14), with a mixture of the equimolar amounts 
of uncoupled RGD-4C and D(KLAKLAK)2 dissolved in 500 µl DMEM (n=20), or with 500 µl 
DMEM only (n=20). The clinical arthritis scores were assessed daily in a blinded manner 
using a semiquantitative scoring system from 0 to 4+ for each paw (maximum score) 
(14;15).

Immunohistochemical staining and antibodies

Mice were sacrificed on day 35 after immunization and their paws and internal organs 
were fixed in a 10% formalin solution for 24 hours, decalcified, and embedded in paraf-
fin. The primary antibodies (horseradish peroxidase/anti-M13 monoclonal conjugate 
[Pharmacia Biotech, Piscataway, NJ, USA], rabbit anti-αv antibody (17) and secondary 
antibody (swine anti-rabbit-AP; Dako, Glostrup, Denmark), were diluted in 2% BSA-PBS. 
Peroxidase activity was detected using 3,3’diaminobenzidine, and alkaline phosphatase 
activity was detected using alkaline phosphatase kit III (Vector Laboratories Inc., Burl-
ingame, CA, USA).
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Terminal deoxynucleotidyl transferase-mediated UTP end labeling (TUNEL) assay

The paws of the animals treated with vehicle or 500 µg of RGD-4C coupled to D(KLAKLAK)2 
were fixed in a 10% formalin solution, decalcified for 14 days in a 15% EDTA-PBS solution 
at 4°C, and embedded in paraffin. Sections (5 µm) were incubated with proteinase K (20 
µg/ml) for 20 minutes. The In Situ Death Detection Kit from Boehringer Mannheim GmbH 
(Mannheim, Germany) was used in accordance to the manufacturer’s instructions.

Results

Phage displaying RGD-4C accumulates in inflamed synovium

RGD-4C phage was injected intravenously into DBA/1J mice with active CIA on day 35 
(n=18). Control mice with CIA received insertless fd phage (n=14). After circulation of 
the phage and perfusion with medium, the control organ (the brain) and synovium from 
arthritic joints were surgically dissected and phage enrichment was calculated as the 
ratio of TU/g of synovial tissue divided by the TU/g of control tissue. Accumulation of the 
RGD-4C phage in inflamed synovium was 8.0 ± 1.7 (mean ± standard deviation) fold that 
in brain (P < 0.01). For the control phage, this value was 1.5 ± 0.3 (Figure 1). Neither the 

Figure 1. Phage homing to inflamed synovium. DBA/1J mice with (“inflamed”) and without (“normal”) 
collagen-induced arthritis were injected intravenously on day 35 with 1010 transducing units (TU) of 
phage expressing RGD-4C on their surface and control phage. Phage enrichment was calculated as the 
ratio of TU/g in synovial tissue divided by the TU/g in brain tissue. RGD-4C phage accumulates in inflamed 
synovium, but not in normal synovium (P < 0.0001).
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RGD-4C phage nor the control phage accumulated in synovium of normal DBA/1J mice 
(n=6 and 5, respectively; P < 0.0001 compared with inflamed synovium). Other organs 
(lung, liver, spleen, heart, kidney, pancreas, and gut) were also tested for enrichment 
of the RGD-4C and control phage. There was no selective accumulation of the RGD-4C 
phage in these organs (data not shown).

Inhibition of RGD-4C phage by a competing peptide

After showing that RGD-4C phage targets inflamed synovium, we assessed the specific-
ity of homing using the soluble RGD-4C peptide, a competitive inhibitor. The RGD-4C 
phage was co-injected with 1 mg of either the RGD-4C peptide (n=5) or a control peptide 
(CARAC; n=5). Figure 2 shows that soluble RGD-4C peptide, but not the control peptide, 
blocked accumulation of the RGD-4C phage in inflamed synovium.

RGD-4C-expressing phage and αv co-localize in synovial blood vessels

The localization of RGD-4C phage in synovium was examined in more detail by im-
munohistochemistry. Staining of paraffin-embedded sections revealed localization of 
RGD-4C-expressing phage to small vessels in the sublining of the inflamed synovium 
(Figure 3A). Expression of the integrins containing αv was also observed in the small 
vessels in the inflamed synovial sublining (Figure 3B). Immunohistologic analysis did not 
reveal phage in the synovium of normal mice injected with the RGD-4C phage.

Figure 2. Inhibition of RGD-4C phage homing with the cognate soluble peptide. In competitive peptide 
inhibition studies in mice with collagen-induced arthritis, RGD-4C phage (“RGD phage”) was co-injected 
with1 mg of either RGD-4C peptide or control peptide (CARAC). Note accumulation of RGD-4C phage in 
inflamed synovium (P < 0.01).
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Figure 3. Detection of RGD-4C phage, αvβ3, and TUNEL positive cells in synovial blood vessels. Mice with 
established collagen-induced arthritis were injected with RGD-4C and sections were stained for (a) phage 
(blue blood vessels, denoted here by arrows) or (b) αvβ3 (brown blood vessels, denoted here by arrows) 
by immunohistochemistry. In a second experiment, mice with collagen-induced arthritis were given RGD-
4C-D(KLAKLAK)2 on day 35 and TUNEL assays were performed on day 38. Positive cells were found in the 
sublining vessels of inflamed synovium in the animals treated with RGD-4C-D(KLAKLAK)2 (arrows) (c) but 
not in the control animals (not shown).
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Suppression of arthritis by targeted apoptosis of synovial neovasculature

DBA/1J mice with CIA were administered a chimeric compound consisting of the 
peptide RGD-4C covalently linked to the proapoptotic peptide D(KLAKLAK)2 (16). The 
chimeric compound was injected intravenously on days 35 and 41. Control mice with 
CIA were either injected with vehicle or were co-injected with similar quantities of the 
uncoupled RGD-4C and D(KLAKLAK)2 peptides. The mean pretreatment score was 10.3 
± 0.5. Neither the vehicle nor the uncoupled mixture of RGD-4C with D(KLAKLAK)2 had 
an effect on arthritis, whereas the targeted chimeric compound significantly decreased 
clinical arthritis on day 44 (P < 0.001; Figure 4). TUNEL studies were performed on joint 
specimens collected 72 hours after intravenous injection of the chimeric peptide. Abun-
dant positive cells were detected in small vessels of the inflamed synovium (Figure 3C), 
but not in synovium of arthritic mice injected with vehicle (not shown). Positive cells 
were not found in lung, liver, or spleen of chimera-treated arthritic mice, indicating that 
apoptosis was selective to inflamed synovium.
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Figure 4. Changes in clinical arthritis scores in mice with collagen-induced arthritis after treatment with 
peptides or the vehicle. Mice were injected intravenously on days 35 and 41 with either the targeted 
proapoptotic chimeric peptide RGD-4C- D(KLAKLAK)2 or a mixture of the uncoupled peptides RGD-4C and 

D(KLAKLAK)2 or the vehicle. Clinical arthritis scores were evaluated using a scale of 0 to 4+ for each paw 
(maximum = 16). The mean pretreatment score was 10.3 ± 0.5.
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Discussion

Angiogenesis has been implicated in inflammatory diseases such as RA (3;8). Synovial 
tissues from patients with RA express more of the angiogenesis marker αvβ3 integrin, 
than control synovium (6;7;18). An angiostatic compound suppressed arthritis in rat 
adjuvant arthritis and CIA (19;20), and intra-articular administration of an RGD peptide 
that binds to αvβ3 decreased synovial inflammation in a rabbit model of arthritis (7).

The homing properties of the cyclic RGD peptide allowed us to deliver a toxic agent – the 
proapoptotic peptide D(KLAKLAK)2 – to the synovial microvasculature through systemic 
administration. Homing minimized systemic toxicity in this model, as has been found in 
experimental tumor treatments (9;16). Systemic treatment with RGD peptides that are 
selective for αvβ3 reduces angiogenesis, presumably by blocking the function of the 
integrin (21). However, the systemic administration of free RGD-4C peptide had no effect 
on arthritis, indicating that the RGD-4C merely acts to target the proapoptotic peptide.

The RGD-4C peptide also enhances internalization of RGD-4C-D(KLAKLAK)2 (9). When 
covalently linked to the homing peptide RGD-4C, the proapoptotic peptide enters cells 
that express αvβ3 or αvβ5 (22). Once in the cytoplasm, it disrupts the mitochondrial 
membranes and initiates apoptosis (16). Distribution studies in vivo followed by cell 
fractionation indicate that RGD-4C-D(KLAKLAK)2 localizes to mitochondrial membranes 
of the target cells but not to endothelial cells in control tissues (16). Cells that do not 
express these integrins are spared, because the proapoptotic peptide alone is not inter-
nalized. As with our studies, Pasqualini and colleagues showed that αv-directed RGD-4C 
phage is not detected in normal tissues, but accumulates on the surface of tumor blood 
vessels (23).

Intravenous treatment of mice with established arthritis using RGD-4C-D(KLAKLAK)2 
induced apoptosis of endothelial cells in the inflamed synovium. This was associated 
with a decreased severity of arthritis compared with untreated mice or mice treated with 
a mixture of uncoupled RGD-4C and D(KLAKLAK)2 peptides. Since we did not observe 
systemic toxicity and did not find apoptotic cells in other tissues besides the inflamed 
synovium, RGD-4C-D(KLAKLAK)2 appears to have a favorable pharmacological profile.

These data support the feasibility of administering systemic agents that home to sites of 
inflammation as a means of delivering a therapeutic agent. This approach can treat mul-
tiple sites simultaneously while not accumulating in normal tissues. Our study is the first 
example of selective proapoptotic treatment of an inflammatory disease using homing 
peptides and could potentially be used to deliver therapeutic agents to inflamed joints.



Ch
ap

te
r 4

Ta
rg

et
ed

 a
po

pt
os

is
 o

f s
yn

ov
ia

l n
eo

va
sc

ul
at

ur
e

68

Acknowledgements

This work was supported by grants CA74238 and Cancer Center Support Grant CA30199 
(ER) and grants from the NIH (AR45347 and AR44850) and a Biomedical Sciences Award 
form the Arthritis Foundation (GSF). E.B. was supported by the Deutsche Forschungsge-
meinschaft.



Chapter 4
Targeted apoptosis of synovial neovasculature

69

Reference List

 1. Firestein GS, Zvaifler NJ. How important are T cells in chronic rheumatoid synovitis? Arthritis 
Rheum 1990; 33(6):768-773.

 2. Koch AE. Review: angiogenesis: implications for rheumatoid arthritis. Arthritis Rheum 1998; 
41(6):951-962.

 3. Friedlander M, Brooks PC, Shaffer RW, Kincaid CM, Varner JA, Cheresh DA. Definition of two angio-
genic pathways by distinct alpha v integrins. Science 1995; 270(5241):1500-1502.

 4. Brooks PC, Montgomery AM, Rosenfeld M, Reisfeld RA, Hu T, Klier G et al. Integrin alpha v beta 3 
antagonists promote tumor regression by inducing apoptosis of angiogenic blood vessels. Cell 
1994; 79(7):1157-1164.

 5. Brooks PC, Clark RA, Cheresh DA. Requirement of vascular integrin alpha v beta 3 for angiogen-
esis. Science 1994; 264(5158):569-571.

 6. Johnson BA, Haines GK, Harlow LA, Koch AE. Adhesion molecule expression in human synovial 
tissue. Arthritis Rheum 1993; 36(2):137-146.

 7. Storgard CM, Stupack DG, Jonczyk A, Goodman SL, Fox RI, Cheresh DA. Decreased angiogen-
esis and arthritic disease in rabbits treated with an alphavbeta3 antagonist. J Clin Invest 1999; 
103(1):47-54.

 8. Firestein GS. Starving the synovium: angiogenesis and inflammation in rheumatoid arthritis. J 
Clin Invest 1999; 103(1):3-4.

 9. Arap W, Pasqualini R, Ruoslahti E. Cancer treatment by targeted drug delivery to tumor vascula-
ture in a mouse model. Science 1998; 279(5349):377-380.

 10. Koivunen E, Restel BH, Rajotte D, Lahdenranta J, Hagedorn M, Arap W et al. Integrin-binding 
peptides derived from phage display libraries. Methods Mol Biol 1999; 129:3-17.

 11. Smith GP, Scott JK. Libraries of peptides and proteins displayed on filamentous phage. Methods 
Enzymol 1993; 217:228-257.

 12. Koivunen E, Wang B, Ruoslahti E. Phage libraries displaying cyclic peptides with different ring 
sizes: ligand specificities of the RGD-directed integrins. Biotechnology (N Y ) 1995; 13(3):265-
270.

 13. Assa-Munt N, Jia X, Laakkonen P, Ruoslahti E. Solution structures and integrin binding activities of 
an RGD peptide with two isomers. Biochemistry 2001; 40(8):2373-2378.

 14. Gerlag DM, Ransone L, Tak PP, Han Z, Palanki M, Barbosa MS et al. The effect of a T cell-specific 
NF-kappa B inhibitor on in vitro cytokine production and collagen-induced arthritis. J Immunol 
2000; 165(3):1652-1658.

 15. Han Z, Boyle DL, Manning AM, Firestein GS. AP-1 and NF-kappaB regulation in rheumatoid arthri-
tis and murine collagen-induced arthritis. Autoimmunity 1998; 28(4):197-208.

 16. Ellerby HM, Arap W, Ellerby LM, Kain R, Andrusiak R, Rio GD et al. Anti-cancer activity of targeted 
pro-apoptotic peptides. Nat Med 1999; 5(9):1032-1038.

 17. Vogel BE, Tarone G, Giancotti FG, Gailit J, Ruoslahti E. A novel fibronectin receptor with an unex-
pected subunit composition (alpha v beta 1). J Biol Chem 1990; 265(11):5934-5937.

 18. Walsh DA, Wade M, Mapp PI, Blake DR. Focally regulated endothelial proliferation and cell death 
in human synovium. Am J Pathol 1998; 152(3):691-702.

 19. Peacock DJ, Banquerigo ML, Brahn E. Angiogenesis inhibition suppresses collagen arthritis. J Exp 
Med 1992; 175(4):1135-1138.

 20. Peacock DJ, Banquerigo ML, Brahn E. A novel angiogenesis inhibitor suppresses rat adjuvant 
arthritis. Cell Immunol 1995; 160(2):178-184.



Ch
ap

te
r 4

Ta
rg

et
ed

 a
po

pt
os

is
 o

f s
yn

ov
ia

l n
eo

va
sc

ul
at

ur
e

70

 21. Ruoslahti E. RGD and other recognition sequences for integrins. Annu Rev Cell Dev Biol 1996; 
12:697-715.

 22. Hart SL, Knight AM, Harbottle RP, Mistry A, Hunger HD, Cutler DF et al. Cell binding and internal-
ization by filamentous phage displaying a cyclic Arg-Gly-Asp-containing peptide. J Biol Chem 
1994; 269(17):12468-12474.

 23. Pasqualini R, Koivunen E, Ruoslahti E. Alpha v integrins as receptors for tumor targeting by circu-
lating ligands. Nat Biotechnol 1997; 15(6):542-546.


