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Cancer Treatment by Targeted Drug Delivery to 
Tumor Vasculature in a Mouse Model 
Wadih Map,* Renata Pasqualini,* Erkki Ruoslahtit 

In vivo selection of phage display libraries was used to isolate peptides that home 
specifically to tumor blood vessels. When coupled to the anticancer drug doxorubicin, 
two of these peptides-one containing an CI, integrin-binding Arg-Gly-Asp motif and the 
other an Asn-Gly-Arg motif-enhanced the efficacy of the drug against human breast 
cancer xenografts in nude mice and also reduced its toxicity. These results indicate that 
it may be possible to develop targeted chemotherapy strategies that are based on 
selective expression of receptors in tumor vasculature. 

'1Eniiothelial cells in the aiig~ogcnic vessels 
n.itl1111 soliii tumors express scr-era1 proteins 
that are absent or liarely detectable In es- 
tabllshcd hlooil vessels (1 ), illclu~ling a,, 
integrins ( 2 )  and receptors for certain an- 
=iogcn~c gron.th factors ( 3 ) .  W e  ha\,c ap- 
plied in vl\?o selection of phage peptide 
libraries to iilentlfy pcpt~dcs  that home sc- 
lectivelv to the vasculature of specific or- 
gans (-/ ,  5).  T h e  results of our stuiiies ~ m p l y  
that inany tissues have vascular "addresses." 
T o  cleterinine ~\.hether in vi\-o selection 
cc~ulil he used to target tuinor blood r.essels, 
I\-e iiljected phage peptlde 1il;rarie into the 
circulation of nuile illice I?earing h~uinan 
l~rcast carcinoma xenografts. 

Recc~verv ot pllaee fi-on1 the  tumors led , ,~ 
to the i~lentiflcation of three inain peptide 
motifs that targeted the phaye into the  
tumors (6 ) .  O n e  nlotif contained tllc se- 
quence Xrg-Gly-Asp (RGD)  (7,  8), emhed- 
iieii in a t~ect ide  structure that n-e ha\-e 
shon,n to bind selectively to a,  p3 anil u,J5 
integrins (9 ) .  Phage carrying this inotlf, 
CDCRGDCFC (terineii RGD-4C),  llolnes 
to s c ~ ~ e r a l  tuinor types (inclu~ling carcino- 
ma, sarcoma, and melanoma) in a h luh l~ .  > .  

selective manner, and holiliilg is specificall\- 
inhibited by the cognate peptide (1;). 

A second peptlde illot~f that accumulat- 
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c ~ i  in tumors rr-as cieriveci from a 1il;rary n.ith 
the general structure CX,CX,CX,C (X 
= variable residue, C = cystcine) (6 ) .  This 
peptlde, C S G R C V S G C A G R C ,  contained 
the sequence Asn-Gly--41-g (NGR!, n.hich 
has been icientlfieii as a cell adhesion inotit 
(1 1 ) .  X7c testcci two other peptides that coil- 
tain the N G R  inotif but are other~vise differ- 

ent  from CNGRCVSGCAGRC: a linear 
peptiLlc, NGRAI-IA (1 1 ), and a cvcl~c pcp- 
tide, CVLNGRhlEC. Tumor hoininp for all 
three pcptides rvas independent of the tumor 
type and s p ~ i e ~  the pllage homed to a 
human breast carcinoina (Fig. 1.41, a human 
Kaposi's sarcoma, c311d a mouse inelanoma 
( 1 2 ) .  W e  synthc.;i:eii the nllniinal cyclic 
NGR pcptiilc from the CNGRCVSG- 
C A G R C  yha9c and found that this pcptide 
( C N G R C ) ,  when coinjected with the phage, 
1nhil7itcd the accumulation of the CNGR-  
CVSGC.4GRC phage (Fig. 1.4) anii of the 
t n o  other NGR-display~ng phages in breast 
carcinoina xenoerafts (1 2). 

T h e  tliiril motit-Gly-Ser-Leu (GSL) 
and its permutations-\\ac frequently re- 
co\.ered from screenings using breast carci- 
noilia ( 6 ) ,  I<api>si's sarcoma, anti malignant 
melanoma, a n ~ l  ho~iliilg of the  phage \vas 
inliihitcd 1.y the cognate peptide (Fig. 1R). 
This motif \!.as not stuilied f ~ ~ r t h c r  here. 

T h e  RGD-4C phage holnes selcctir-ely to 
breast cancer xenografts (Flq. 1C) .  This 
homing call he inhihited by the free RGD- 
4C peptide ( I$) ,  hut not hy the C N G R C  
pcptiiie, even \vllcn this peptide n.as usei\ in 
amounts 10 tinles those that ~nhihitcd the 
homing i)t the N G R  phage (Fig. lD) .  Tumor 
horuing of the N G R  phage nas  alsci partially 
inhibited by tlie RGD-4C peptide (Fig. lE) ,  
but this peptide \vas only 1 c  to ?C9b as 
potni t  as CNGRC.  A n  unrelated cyclic pep- 
tliic, GACVFSI.%HECGA, hail no effect o n  
the tumor-homing ability of citllcr phage 
( 1 2). Thus, our in  1-ivo screenings yicl~led 
tn.o peptlJe motifs, RGD-4C and S G R ,  
both of r\,hich had prer-iously been reported 
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iron: t i le  tumor  or  control  tlssue 
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;umor s o ~ d  bars) and  b r a n  :s t rped bars),  a n d  t~ 

n i i b i i i o n  o f  t i le  tcllnor h o m n g  b y  the soluble 
pept  d e  CNGRC.  (B) Recovery o f  CGSLVRC 
phage and  n h b t o l i  of tcllnor h o l n n g  b y  t he  
soluble pept lde CGSLVRC C )  Recovery or 
RGD-4C phage (positive control) and  un-  
selected phage 1 ib l . a~  lnix :negatve control) .  
18) Increasing amounts  of t l ie  C N G R C  soluble 
pept lde \were Injected \ hd~ i i i  t he  RGD-LC 
phage,  iE) n c r e a s n g  a m u n t s  of t he  RGD-AC 
soluale pep i lde j!eve Injected j!lth t i le  N G R  
phage, n h a i t o n  of t,:e CNGRCVSGCAGRC 
phage  ,:olning a\/ t he  C N G R C  pept lde 1s 
sho\*w In (A) n h b t 3 n  of t he  RGD-LC phage 
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to bind to integrins (9, 11 ). The affinity of 
NGR for integrins is about three orders of 
magnitude less than that of RGD peptides 
(7, 11 ). Nevertheless, the homing ratio (tu- 
morlcontrol organ) of the phage displaying 
the NGR motif was three times that of the 
RGD-4C phage (12). This discrepancy in 
activities, and the cross-inhibition results de- 
scribed above, strongly suggest that the NGR 
and RGD-4C peptides bind to different re- 
ceptors in the tumors. 

We next studied phage homing to tumors 
by immunostaining (Fig. 2). In one set of 
experiments (1 3), phage was allowed to cir- 
culate for 3 to 5 min, followed by perfusion 
(10) and immediate tissue recovery. In the 
second set, tissues were analyzed 24 hours 
after phage injection, when there is almost 
no phage left in the circulation (10). Strong 
phage staining in tumor vasculature, but not 
in normal endothelia, was seen in the short- 
term experiments with CNGRCVSG- 
CAGRC phage in MDA-ME3435 cell-de- 
rived human breast carcinoma xenografts 
(Fig. 2A) and SLK cell-derived human Ka- 
posi's sarcoma xenografts (Fig. 2B). The two 
other NGR phages, NGRAHA and CVLN- 
GRMEC, also showed strong tumor staining 
(12), whereas a control phage showed no 
staining (Fig. 2, E and F). At 24 hours, the 
staining pattern indicated that the NGR 
phage had spread outside the blood vessels 
and into the tumors (Fig. 2, C and D). This 
spreading may be attributable to increased 
permeability of tumor blood vessels (14) or 
uptake of the phage by angiogenic endothe- 
lial cells (15) and subsequent transfer to 
tumor tissue. 

The CNGRCVSGCAGRC phage 
showed the greatest tumor selectivity among 
all the peptides analyzed. Several control 
organs showed very low or no immunostain- 
ing, confirming the specificity of the NGR 
motif for tumor vessels; heart (Fig. 2G) and 
mammary gland (Fig. 2H) are shown (16). 
Spleen and liver, which are part of the re- 
ticuloendothelial system (RES), contained 
phage; uptake by the RES is a general prop- 
erty of the phage particle and is independent 
of the peptide it displays (10, 17). These 
immunostaining results with the NGR phage 
are similar to observations made with the 
RGD-4C phage (1 0). 

To determine whether the tumor-homing 
peptides RGD-4C and CNGRC could be 
used to improve the therapeutic index of 
cancer chemotherapeutics, we coupled them 
to doxorubicin (dox) (18). Dox is one of the 
most frequently used anticancer drugs and 
one of a few chemotherapeutic agents 
known to have antiangiogenic activity (19). 
The dox-peptide conjugates were used to 
treat-mice bearing tumors derived from hu- 
man MDA-ME3435 breast carcinoma cells. 

The commonly used dose of dox in nude 

mice with human tumor xenografts is 50 to 
200 pdweek (20). Because we expected the 
dox conjugates to be more effective than the 
free drug, we initially used the conjugates at a 
dose of dox-equivalent of only 5 pdweek 
(13, 21 ). Tumor-bearing mice treated with 
RGD-4C conjugate outlived the control 
mice, all of which died from widespread dis- 
ease (Log-Rank test, P < 0.0001; Wilcoxon 
test, P = 0.0007) (Fig. 3A). In a dose-esca- 
lation experiment, tumor-bearing mice were 

treated with the dox-RGD-4C conjugate at 
30 pg of dox-equivalent every 21 days for 84 
days and were then observed, without further 
treatment. for an extended ~eriod of time. 
All of these mice outlived ;he dox-treated 
mice by more than 6 months, suggesting that 
both primary tumor growth and metastasis 
were inhibited by the conjugate. Manjr of the 
tumors in the mice that received the dox- 
RGD-4C conjugate (30 pg of dox-equivalent 
every 21 days) showed marked skin ulcer- 

Fig. 2 lmmunohistochemical staining of phage after intravenous injection into tumor-bearing mice. 
Phage displaying the peptide CNGRCVSGCAGRC (A to D, 0, and H) or control phage with no insert (E 
and F) were injected intravenously Into mice bearing MDA-MB-435-derived breast carcinoma (A, C, 
and E) and SLK-derived Kaposi's sarcoma (B, D, and F) xenografts. Phage was allowed to circulate for 
4 min (A, B, E, and F) or for 24 hours (C, D, G, and H). Tumors and control organs were remwed, fixed 
in Bouin solution, and embedded in paraffin for preparation of tissue sections. An antibody to M-13 
phage (Pharmacia) was used for the staining. Heart (G) and mammaty gland (H) are shown as control 
organs (16). Arrows point to blood vessels. Scale bar in (A), 5 pm. 
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ation and tumor necrosis, whereas these signs 
were not observed in ~y of the control 
groups. At necropsy, the mice treated with 
the dox-RGD-4C conjugate had significantly 
smaller tumors ( t  test, P = 0.02), less spread- 
ing to regional lymph nodes (P < 0.0001), 
and fewer pulmonary metastases (P < 
0.0001) than did the mice treated with free 
dox (Fig. 3, B to D). Similar results were 
obtained in five independent experiments. 
Histopathological analysis revealed pro- 
nounced destruction of the tumor architec- 
ture and widespread cell death in the tumors 
of mice treated with the dox-RGD-4C con- 
jugate; tumors treated with free dox at this 
dose were only minimally affected. In con- 
trast, the dox-RGD-4C conjugate was less 

toxic to the liver and heart than was free dox 
(Fig. 3E). In some experiments, dox together 
with unconjugated soluble peptide was used 
as a control; the drug-peptide combination 
was no more effective than free dox (1 2). 

To assess toxicity, we used 200 pg of 
dox-equivalent in mice with large (-5 cm3), 
size-matched tumors (1 3,  21). Mice treated 
with the dox-RGD-4C conjugate survived 
more than a week, whereas all of the dox- 
treated mice died within 48 hours of drug 
administration (Fig. 3F). Accumulation of 
dox-RGD-4C within the large tumors thus 
appeared to have sequestered the conjugated 
drug, thereby reducing its toxicity to other 
tissues. 

Less extensive data with the CNGRC 

peptide conjugate indicated an efficacy sim- 
ilar to that of the RGD-4C conjugate. In all 
experiments, tumors treated with the dox- 
CNGRC conjugate were one-fourth to one- 
fifth as large as tumors treated in the control 
groups (Fig. 4A). A marked reduction in 
metastasis and a prolongation of long-term 
survival were also seen (Log-Rank test, P = 
0.0064; Wilcoxon test, P = 0.0343) (Fig. 
4B). Two of the six dox-CNGRGtreated 
animals were still alive more than 11 weeks 
after the last of the control mice died. The 
dox-CNGRC conjugate was also less toxic 
than the free drug (Fig. 4C). CNGRC pep- 
tide alone failed to reproduce the effect of 
the conjugate, even in doses up to 150 pg/ 
week. Unconjugated CNGRC-dox mixture 

Fig. 8 Treatment of mice bearing MDA-MB-435-derived breast ckinornas 
with dox-RGD-4C peptide conjugate. Mice with size-matched tumors (-1 
cm3 were randomized into four treatment groups (five animals per group): 
vehicle only, free dox, dox-confrol peptide (GACVFSIAHECGA; dox-ctri pep), 
and dox-RGD-4C conjugate. (A) Mice were treated with 5 @.veek of dox- 
equivalent. A Kaplan-Meier survival curve is shown. (B to D) Mice were treated 
with 30 bg of dox-equivalent every 21 days. The animals were killed, and 
tumors (B), axillary lymph nodes (C), and lungs (D) were weighed after three 
treatments. (E) Histopathological analysis (hematoxylin and eosin stain) of 
MDA-MB-435 tumors, lwer, and heart treated with dox or dox-RGD-4C con- 

jugate. Vascular damage was observed in the tumors treated with dox-RGD- 
4C conjugate (anows, lower left panel), but not in the tumors treated with free 
dox (m, upper left panel). Sins of toxicity were seen in the l i  and heart 
of mice treated with dox (anows, upper middle and upper right panels), where- 
as the blood vessels were r e l a t i i  undamaged in the mice treated with the 
dox-RGD-4C conjugate. The changes were scored blindly by a pathologist; 
representative micrographs are shown. Scale bar, 7.5 km. (F) Mioe beating 
large (-5 cn-P) MDA-MB-435 breast carcinomas (four animals per group) were 
randomized to receive a single dose of free dox or dox-RGD-4C conjugate at 
200 pg of dox-equivalent per mouse. A Kaplan-Meier survival curve is shown. 
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C K G R C  coniuaatez were also ettective 

~unliliel\- to m~utate into ilrug-resistan~ \ . ~ r i -  
ants (24) .  I11 ailii~tion. these cell; are mcIre 

again,st senografts ileri\-eil from another hu- 
man breast carcinoma cell line, hIL7A-MB- 
231 (12) .  

W e  expect the K G R  anLl RGD-4C m o t ~ h  

acceiiible to <lrugi and have an intri~lsic 
amrlification mechan~sm; it has heen esti- 
matei! that eliil11natii)n of a iingle en~lothe-  
lid1 cell can inhibit the gro\~-th of l?C tumor 
cells (24) .  New targetin2 strateeies, includ- 
ing the ones described here, h a ~ ~ e  the poten- 
t ~ a l  to marlieill\- Improve cancer treatment. 

to target human ~~asculature ai \yell, because 
ti) the K G R  phage binds to hlooil vessels of 
human t~uuors  and less so than to \-e,sels in 
llorlual t ~ i i u e  (22) ,  and (ii)  the RGD-4C 
p e p t ~ ~ l e  binils to human uc,. integrini (9, i ? ) ,  
~ v h ~ c h  are k n o ~ n  to he select~vely expressed 
in hruilan t~uil~or hlooil T-essels (23) .  Thus, 
these peptiiles are potentially iuital~le tor 
tumor targetmg in patients. T h e  RGD-4C 
pept~lle is Ilkel\- to carry Llos into the tumor 
vasculature and also to the tumor cells them- 
selves, I~ecause the hiL7A-L?B-435 breast 
carcinoma expresses ax lntegruli ( 1 C). Be- 
cause many human tumors express the uc, 
inregrins (23) ,  our animal moilel is a reason- 
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