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Cancer Treatment by Targeted Drug Delivery to
Tumor Vasculature in a Mouse Model

Wadih Arap,” 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 «,, 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.

Endothelial cells in the angiogenic vessels
within solid tumors express several proteins
that are absent or barely detectable in es-
tablished blood vessels (1), including «,
integrins (2) and receptors for certain an-
giogenic growth factors (3). We have ap-
plied in vivo selection of phage peptide
libraries to identify peptides that home se-
lectively to the vasculature of specific or-
gans (4, 5). The results of our studies imply
that many tissues have vascular “addresses.”
To determine whether in vivo selection
could be used to target tumor blood vessels,
we injected phage peptide libraries into the
circulation of nude mice bearing human
breast carcinoma xenografts.

Recovery of phage from rhe tumors led
to the identification of three main peptide
motifs that targeted the phage into the
tumors (6). One motif contained the se-
quence Arg-Gly-Asp (RGD) (7, 8), embed-
ded in a peptide structure that we have
shown to bind selectively to o 8; and « 5
integrins (9). Phage carrying this motif,
CDCRGDCEC (termed RGD-4C), homes
to several tumor types (including carcino-
ma, sarcoma, and melanoma) in a highly
selective manner, and homing is specifically
inhibited by the cognate peptide (10).

A second peptide motif that accumulat-
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ed in tumors was derived from a library with
the general structure CX,CX,CX;C (X
= variable residue, C = cysteine) (6). This
peptide, CNGRCVSGCAGRC, contained
the sequence Asn-Gly-Arg (NGR), which
has been identified as a cell adhesion morif
(11). We tested two other peptides that con-
tain the NGR motif but are otherwise differ-

ent from CNGRCVSGCAGRC: a linear
peptide, NGRAHA (11), and a cyclic pep-
tide, CVLNGRMEC. Tumor homing for all
three peptides was independent of the tumor
type and species; the phage homed to a
human breast carcinoma (Fig. 1A), a human
Kaposi's sarcoma, and a mouse melanoma
(12). We synthesized the minimal cyclic
NGR peptide from the CNGRCVSG-
CAGRC phage and found that this peptide
(CNGRCQC), when coinjected with the phage,
inhibited the accumulation of the CNGR-
CVSGCAGRC phage (Fig. 1A) and of the
two other NGR-displaying phages in breast
carcinoma xenografts (12).

The third motif—Gly-Ser-Leu (GSL)
and its permutations—was frequently re-
covered from screenings using breast carci-
noma (6), Kaposi’s sarcoma, and malignant
melanoma, and homing of the phage was
inhibited by the cognate peptide (Fig. 1B).
This motit was not studied further here.

The RGD-4C phage homes selectively to
breast cancer xenografts (Fig. 1C). This
homing can be inhibited by the free RGD-
4C peptide (10), but not by the CNGRC
peptide, even when this peptide was used in
amounts 10 times those that inhibited the
homing of the NGR phage (Fig. 1D). Tumor
homing of the NGR phage was also partially
inhibited by the RGD-4C peptide (Fig. 1E),
but this peptide was only 10 to 20% as
potent as CNGRC. An unrelated cyclic pep-
tide, GACVESIAHECGA, had no effect on
the tumor-homing ability of either phage
(12). Thus, our in vivo screenings yielded
two peptide mortits, RGD-4C and NGR,
both of which had previously been reported

Fig. 1. Recovery of phage display- A B C
Er%atslj[lmO::Qg;;gr%apep:;?sgr;?t? g ¢ NGR phage GSL phage Control phage
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mice bearing size-matched MDA- g

MB-435—derived tumors (~1 cm?®) g 2 14

and recovered after perfusion. % N
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from the tumor or control tissue F

(brain) and the SEM from triplicate 2
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CNGRCVSGCAGRC phage from phage
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inhibition of the tumor homing by the soluble R 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-
mot/control 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 (13), 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-MB-435 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 (10).

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-MB-435 breast carcinoma cells.

The commonly used dose of dox in nude
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mice with human tumor xenografts is 50 to
200 pg/week (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 wg/week
(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 g of dox-equivalent every 21 days for 84
days and were then observed, without further
treatment, for an extended period of time.
All of these mice outlived the dox-treated
mice by more than 6 months, suggesting that
both primary tumor growth and metastasis
werte inhibited by the conjugate. Many of the
tumors in the mice that received the dox-
RGD-4C conjugate (30 g of dox-equivalent
every 21 days) showed marked skin ulcer-

Fig. 2. Immunohistochemical staining of phage after intravenous injection into tumor-bearing mice.
Phage displaying the peptide CNGRCVSGCAGRC (A to D, G, 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 removed, 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 mammary gland (H) are shown as control
organs (16). Airows point to blood vessels. Scale bar in (A), 5 um.
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ation and tumor necrosis, whereas these signs
were not observed in any of the control
groups. At necropsy, the mice treated with
the dox-RGD-4C conjugate had significantly
smaller tumors (¢ 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-A4C 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 (12).

To assess toxicity, we used 200 pg of
dox-equivalent in mice with large (~5 cm?),
size-matched tumors (13, 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

o REPORTS |

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-CNGRC-treated
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
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Fig. 3. Treatment of mice bearing MDA-MB-435—derived breast carcinomas
with dox-RGD-4C peptide conjugate. Mice with size-matched tumors (~1
cm?3) were randomized into four treatment groups (five animals per group):
vehicle only, free dox, dox-control peptide (GACVFSIAHECGA, dox-ctrl pep),
and dox-RGD-4C conjugate. (A) Mice were treated with 5 ng/week of dox-
equivalent. A Kaplan-Meier survival curve is shown. (B to D) Mice were treated
with 30 ug 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, fiver, and heart treated with dox or dox-RGD-4C con-
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jugate. Vascular damage was observed in the tumors treated with dox-RGD-
4C conjugate (arrows, lower left panel), but not in the tumors treated with free
dox (arrows, upper left panel). Signs of toxicity were seen in the liver and heart
of mice treated with dox (arrows, upper middle and upper right panels), where-
as the blood vessels were relatively 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 pm. (F) Mice bearing
large (~5 cm3) 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 p.g of dox-equivalent per mouse. A Kaplan-Meier survival curve is shown.
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was no different from dox alone. The dox-
CNGRC  conjugates were also effective
against xenografts derived from another hu-
man breast carcinoma cell line, MDA-MB-
231 (12).

We expect the NGR and RGD-4C motifs
to target human vasculature as well, because
(i) the NGR phage binds to blood vessels of
human tumors and less so than to vessels in
normal tissue (22), and (ii) the RGD-4C
peptide binds to human a, integrins (9, 10),
which are known to be selectively expressed
in human tumor blood vessels (23). Thus,
these peptides are potentially suitable for
tumor targeting in patients. The RGD-4C
peptide is likely to carry dox into the tumor
vasculature and also to the tumor cells them-
selves, because the MDA-MB-435 breast
carcinoma expresses o integrins (10). Be-
cause many human tumors express the a
integrins (23), our animal model is a reason-
able mimic of the situation in at least a
subgroup of cancer patients. The targeting of
drugs into tumors is a new use of the selec-
tive expression of o integrins and other
receptors in tumor vasculature. The effec-
tiveness of the CNGRC conjugate may be
derived entirely from vascular targeting be-
cause the NGR peptides do not hind to the
MDA-MD-435 cells (12).

The tumor vasculature is a particularly
suitable target for cancer therapy because it
is composed of nonmalignant endothelial
cells that are genetically stable and therefore
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curve is shown.

unlikely to mutate into drug-resistant vari-
ants (24). In addition, these cells are more
accessible to drugs and have an intrinsic
amplification mechanism; it has been esti-
mated that elimination of a single endothe-
lial cell can inhibit the growth of 100 tumor
cells (24). New targeting strategies, includ-
ing the ones described here, have the poten-
tial to markedly improve cancer treatment.
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