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In vivo phage display identifies peptides that selectively home to
the vasculature of individual organs, tissues, and tumors. Here
we report the identification of a cyclic nonapeptide, CPGPE-
GAGC, which homes to normal breast tissue with a 100-fold
selectivity over nontargeted phage. The homing of the phage is
inhibited by its cognate synthetic peptide. Phage localization in
tissue sections showed that the breast-homing phage binds to
the blood vessels in the breast, but not in other tissues. The
phage also bound to the vasculature of hyperplastic and malig-
nant lesions in transgenic breast cancer mice. Expression cloning
with a phage-displayed cDNA library yielded a phage that
specifically bound to the breast-homing peptide. The cDNA
insert was homologous to a fragment of aminopeptidase P. The
homing peptide bound aminopeptidase P from malignant breast
tissue in affinity chromatography. Antibodies against amino-
peptidase P inhibited the in vitro binding of the phage-displayed
cDNA to the peptide and the in vivo homing of phage carrying
the peptide. These results indicate that aminopeptidase P is the
receptor for the breast-homing peptide. This peptide may be
useful in designing drugs for the prevention and treatment of
breast cancer.
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The vascular beds of individual tissues differ in structure and
metabolic function, and in expression of organ-specific ad-

hesion molecules (1). Such specialization is particularly striking
in lymphoid tissues where the high endothelia are composed of
cells that express unique adhesion molecules for lymphocyte
homing (2). Furthermore, metastasis into preferred organs by
certain tumors may depend on interactions between tumor cells
and organ-specific molecules in the vasculature of the target
organ (3).

Our laboratory has shown that peptide libraries displayed on
phage can be screened in vivo for phage that home to a specific
target, and we and others have shown that peptides capable of
homing to the vasculature of various individual tissues can be
isolated in this manner (4–6). In vivo selections have also
successfully identified peptides that home to tumor vasculature
and the vasculature of other pathological lesions (7, 8). Some
of the tumor-homing peptides recognize known markers of
sprouting endothelial cells and angiogenic tumor vasculature,
such as the �v�3, �v�5, and �5�1 integrins (7, 9), matrix
metalloproteases (10–12), and NG2 proteoglycan (13, 14). A
group of tumor-homing peptides containing the sequence
motif NGR were used to identify aminopeptidase N as a new
marker of angiogenic vasculature (15). Only one homing
peptide receptor in the vasculature of normal tissues has been
identified so far; membrane dipeptidase is selectively ex-
pressed in lung vasculature and serves as a receptor for a set
of lung-homing peptides (16).

Homing peptides show promise in the delivery of drugs and
other therapies into designated target sites. Thus, peptides
identified by phage display have been used to target doxoru-
bicin, proapoptotic peptides, and tumor necrosis factor-� into

tumors, with a resulting enhancement of drug activity and
reduction of side effects (7, 17–19). To begin to develop a
strategy for the selective delivery of drugs to the breast
vasculature, we have explored the specialization of the vascu-
lature in breast tissue.

Here we screened a phage-displayed peptide library in vivo
and identified a cyclic nonapeptide that selectively homes to
breast vasculature in mice and identified a membrane-bound
proline-specific aminopeptidase P (APaseP) as the receptor for
this peptide. We also show that the nonapeptide recognizes the
vasculature of hyperplastic mammary tissue and primary breast
tumors in transgenic breast cancer mice. It may be possible to use
this peptide to selectively target therapies to breast tissue and to
precancerous breast lesions.

Experimental Procedures
Material and Animals. Anti-APaseP antibody was a gift of J. Lasch,
University of Halle, Germany (20). ICR CD-1 mice were pur-
chased from Harlan Sprague–Dawley. MMTV PyMT mice (21)
were provided by W. Muller (McMaster University, Hamilton,
ON, Canada) and R. Oshima (The Burnham Institute). The
MMTV PyMT mice develop breast cancers under the influence
of a polynoma middle T antigen that is driven by the mouse
tumor virus promoter.

Phage Libraries. A peptide library with the general structure of
CX7C, where C is cysteine and X is any amino acid, was
constructed in T7 phage. We annealed complementary oligo-
nucleotides, encoding a random peptide insert as NNK codons
(N is A,T,C, or G; to eliminate some of the stop codons, K is
G or T). The resulting double-stranded DNA had 5� EcoRI and
3� HindIII overhangs which were phosphorylated with T4
polynucleotide kinase (Novagen) and ligated into 1 �g of T7
Select 415–1b vector arms (Novagen). The ligate was directly
added to 50 �l of packaging extract, and incubated for 2 h. The
total number of recombinants obtained was �108 as measured
by formation of plaque-forming units (pfu). The recombinants
were amplified in 500 ml of liquid culture. Purification of
phage particles and sequencing of single-stranded phage DNA
was performed as described (22). The human breast carcinoma
cDNA library was from Novagen.

In Vivo Phage Selection. In vivo phage selection was performed
as described (22), with a few modifications. Mice were anes-
thetized with avertin and then injected intravenously with 109

pfu of the CX7C library. Seven minutes after the injection, the
mice were perfused through the heart with 10 ml of PBS.

Abbreviations: APaseP, aminopeptidase P; pfu, plaque-forming units; MMTV, mouse mam-
mary tumor virus; PyMT, polynoma middle T antigen.
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Mammary tissue was excised and weighed, and a cell suspen-
sion was made by using Medimachine (Dako). The resulting
single cells were centrifuged at 1,500 rpm and washed five
times with 5 ml PBS. The cell-adherent phage were rescued by
infecting BL21 bacteria (Novagen), and the number of recov-
ered phage was quantified by plaque assay.

cDNA Cloning. A cDNA library displayed on T7 phage (23–25)
was used to clone proteins binding to the CPGPEGAGC
peptide. The peptide was synthesized in a Symphony synthe-
sizer (Rainin Instruments) at our peptide facility, and cyclized
and purified by HPLC. The peptide showed the correct mass
by matrix-assisted laser desorption ionization–time of f light
mass spectroscopy and was �95% pure. The peptide was
immobilized on a 96-well Reacti-Bind polystyrene strip plate
(Pierce). The wells were then treated with 3 � 200 �l
SuperBlock blocking buffer (Pierce). The human breast car-
cinoma cDNA library displayed on T7 phage was amplified in
a liquid BLT 5615 bacterial culture. Phage suspension (100 �l,
106 pfu/�l) in PBS was incubated in the wells for 1 h; the wells
were washed five times with 200 �l PBS and once with buffer
containing 1% SDS (Novagen) to elute phage bound with low
and intermediate affinity. Phage bound to the immobilized
peptide were then recovered by incubating a BLT 5615 culture
in the wells for 10 min at room temperature.

Immunohistochemistry. Phage proteins were detected in tissue
sections as described (5). Anesthetized mice were injected with
1 � 109 pfu of phage and perfused as described above. The
organs were removed and fixed in 4% paraformaldehyde, and
phage was detected with a rabbit anti-T7 antiserum (P.
Laakkonen, J. A. Hoffman, K. Pokka, and E.R., unpublished
work) and a peroxidase-coupled secondary anti-rabbit IgG
antibody (Sigma).

Immunoblotting of APaseP. Mouse tissues were weighed, minced
with a scalpel and homogenized with Medimachine. Cells were
centrifuged at 1,200 � g and the pellet was resuspended in lysis
buffer (200 mM N-octylglucoside�3 mM PMSF in PBS) at 4°C.
The lysates were passed 10 times through a 24-gauge needle.
Lysates were mixed with 2� Laemmli buffer (NOVEX, San
Diego), boiled for 5 min, and applied to SDS�PAGE by using
precast 4–20% Tris-glycine gradient gels (NOVEX). The pro-
teins were electroblotted onto poly(vinylidene difluoride) mem-
branes. The membranes were blocked with TBST (Tris-buffered
saline�0.3% Tween-20) containing 20% FBS, incubated with a
1�1000 dilution of anti-APaseP antibody, washed three times
with TBST, and incubated with 1�5000 horseradish peroxidase-
conjugated goat anti-rabbit antibody (Bio-Rad). Blots were
developed with Western Blotting Luminol Reagent (Santa Cruz
Biotechnology).

Tumor Extracts. MMTV PyMT tumors were minced with a scalpel
and homogenized with Medimachine. The resulting cell suspen-
sion was centrifuged at 3,000 rpm for 5 min (4°C). The cell pellet
was treated with lysis buffer (2.5 ml/g tissue) for 2 h (4°C). The
lysates were centrifuged for 30 min at 12,000 � g to remove
debris and applied to a CPGPEGAGC-Sepharose column.

Affinity Chromatography. Peptide affinity chromatography was
performed essentially as described (26). All steps were per-
formed at 4°C. The CPGPEGAGC peptide was coupled to
N-hydroxysuccinimide-activated Sepharose (Pierce) according
to the manufacturer’s instructions. An extract from an MMTV
PyMT tumor was applied to 1 ml of the affinity matrix equili-
brated in column buffer (50 mM N-octylglucoside�100 �M
PMSF in PBS) for 90 min. The column was washed with 20
column volumes of the buffer, and eluted with 2 ml of 2 mg/ml

of the CPGPEGAGC peptide in column buffer over 1 h, and
then with 8 M urea. The eluates were dialyzed against column
buffer and concentrated 5-fold by using a Centricon 10,000
molecular weight cut-off column (Millipore). The column frac-
tions were separated by SDS�PAGE, and APaseP was detected
by immunoblotting.

Results
Phage Expressing the Cyclic Nonapeptide CPGPEGAGC Homes to
Breast Tissue. To identify phage that selectively home to mam-
mary vasculature, we injected a phage-displayed peptide library
intravenously into mice and subsequently rescued bound phage
from breast tissue. Fig. 1 shows the enrichment profile obtained
for five rounds of selection. The number of phage recovered
from breast tissue increased about 100-fold in rounds 3–5 of the
selection. The number of phage recovered from the pancreas,
which was used as a control tissue, remained unaffected. Non-
recombinant T7 phage could not be enriched by in vivo selection
for breast homing.

Sequence analysis showed that phage displaying the nonapep-
tide CPGPEGAGC were enriched, accounting for 14% of phage
present in the pool. When tested individually, the CPGPE-

Fig. 2. Homing specificity of CPGPEGAGC phage. CPGPEGAGC phage (109

pfu) was injected into mice and recovered as in Fig. 1 from the indicated
organs. The number of pfu recovered is shown. Selective phage homing to the
breast is seen. Coinjection of free CPGPEGAGC peptide (1 mg) blocked the
breast homing of the phage.

Fig. 1. Isolation of a breast-homing phage by in vivo screening of a phage
library. A CX7C library (109 pfu) was injected into the tail vein of mice, and 7
min later the mice were perfused through the heart and phage was rescued
from breast tissue. The rescued phage was amplified and reinjected in four
consecutive rounds. The number of pfu recovered from breast tissue is shown
(black bars). As a control, nonrecombinant T7 phage was injected (white bars).
In round 5 (R5), the titer of phage recovered from the pancreas was also
determined (gray bar).
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GAGC-displaying phage homed to breast tissue about 100 times
more effectively than nonrecombinant T7 phage (Fig. 2). This
phage did not home to other tissues, including the pancreas,
brain, kidney, lung, or skin from parts of the body other than the
breast fat pad. The breast homing of the CPGPEGAGC phage
was also specific by the criterion of ligand inhibition, because
co-injecting synthetic free peptide with the phage inhibited
phage recovery from breast tissue (Fig. 2).

Tissue Localization of CPGPEGAGC Phage. Immunoperoxidase stain-
ing revealed phage in the vasculature of normal breast (Fig. 3A)
and mammary carcinoma (Fig. 3B) 15 min after i.v. injection of
the CPGPEGAGC phage. Phage staining also occurred in the
parenchymal tissue. No CPGPEGAGC phage was detected in
the brain (Fig. 3C) or the pancreas (Fig. 3D). Nonrecombinant
T7 phage injected similarly could not be detected in normal or
cancerous breast tissue (Fig. 3 E and F).

APaseP-Related Clone Binds to the CPGPEGAGC Peptide. To identify
a receptor for the CPGPEGAGC peptide in the breast vascu-

lature, we screened a human breast cancer cDNA library on
immobilized CPGPEGAGC peptide. Phage recovery increased
about 50-fold in five rounds of selection on the peptide (Fig. 4A).
Among the individual phage clones from the selected pool, one
clone avidly bound to the peptide-coated surface (Fig. 4B), but
not to a surface treated with the blocking buffer only (not
shown). Sequence analysis showed that this clone encodes a
peptide that is homologous to the signal peptide plus the
N-terminal 14 amino acids of the mature human APaseP
(Fig. 4C).

The binding of the APaseP clone phage to immobilized
CPGPEGAGC peptide could be blocked by coincubation of
the phage with the free peptide or with an anti-APaseP
antiserum (Fig. 5A). A control antibody had no effect. Fur-
thermore, coinjection into mice of the CPGPEGAGC phage
with the anti-APaseP antibody reduced the number of phage
rescued from breast tissue by about 90%. A control antibody
did not affect the breast homing of the CPGPEGAGC phage
(Fig. 5B). The antibody did not block the breast homing of
another phage (insert sequence, CRSS) identified in the

Fig. 3. Localization of CPGPEGAGC phage by immunohistochemistry. CPGPEGAGC phage or nonrecombinant control phage (both at 109 pfu) were injected
into the tail veins of mice. After 15 min of circulation, mice were perfused through the heart. The indicated organs were dissected, fixed, and cryo-sections were
stained for T7 phage proteins by using a rabbit anti-T7 antibody and a peroxidase-coupled anti-rabbit IgG. CPGPEGAGC phage was detected in the blood vessels
and surrounding tissue of the mammary fat pad (A) and early MMTV PyMT breast carcinomas (B). No phage staining occurred in the brain (C) and the pancreas
(D). The nonrecombinant phage was not detected in normal breast (E) or in breast carcinomas (F).
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screening for breast homing. The free CPGPEGAGC peptide
also had no effect on the recovery of this phage from breast
tissue (Fig. 5C).

APaseP Specifically Binds to a CPGPEGAGC Peptide Affinity Column.
To determine whether the breast-homing peptide binds to
intact APaseP, we fractionated MMTV PyMT tumor lysates on
a CPGPEGAGC peptide affinity matrix. A 90-kDa band that
reacted with the anti-APaseP antiserum was partially removed
from the extract by the matrix and eluted from the affinity
matrix by the CPGPEGAGC peptide (Fig. 6). This result
confirms the specificity of the breast-homing peptide for
APaseP.

Discussion
We report that phage displaying the cyclic nonapeptide CPG-
PEGAGC selectively homes to breast vasculature in mice. This
phage also homes to premalignant breast tissue and to primary
breast tumors. We also provide evidence that the receptor for
the homing peptide is the membrane-bound peptidase,
APaseP.

These results support the notion that the vasculature in
individual organs expresses specific marker molecules. Peptides

that home to the vasculature of many other normal tissues have
been isolated in our laboratory (4, 5) and by others (6). The
numerous tissues that have been successfully targeted with in
vivo phage display suggests that tissues differ in their vascular
markers. Furthermore, tumor-homing phage that bind to angio-
genesis-specific molecular markers (7) and phage homing to
atherosclerotic plaques (8) have been isolated by in vivo phage
library screening.

Regardless of this earlier evidence for vascular heterogeneity,
the specificity of the breast-homing peptide we describe here is
remarkable. Most of the breast tissue consists of fat, and one
might expect that the blood vessels of fat tissue in various
locations would be identical. Yet our phage homes only to the
blood vessels in the breast, not to other fat-rich tissues. This
finding agrees with the apparent specialization of the mammary
fat pad as evidenced by the accelerated growth of experimental
breast cancers when implanted in the mammary fat pad versus

Fig. 4. Isolation of cDNA clones encoding CPGPEGAGC-binding proteins.
(A) The CPGPEGAGC peptide was covalently linked to microtiter wells and
a phage-displayed cDNA library was screened for CPGPEGAGC-binding
clones by performing four consecutive rounds of selection. The number of
pfu recovered from the wells is shown. (B) Clones from the screening shown
in A were individually tested for binding to wells coated with the CPGPE-
GAGC peptide. Phage clone 47 avidly bound to the CPGPEGAGC-coated
wells. (C) Alignment of the sequences of clone 47 and human membrane-
bound APaseP (XNPEP2; GenBank U90724). The dashes denote gaps in the
alignment of the sequences. The signal sequence of ApaseP is shown on the
first line, and the N-terminal sequence of the mature protein is shown on
the second line.

Fig. 5. Anti-APaseP antibody and free CPGPEGAGC peptide block CPGPE-
GAGC phage binding and homing. (A) The binding of phage displaying the
APaseP cDNA fragment (108 pfu) to microtiter wells coated with CPGPEGAGC
peptide was tested in the presence of the free CPGPEGAGC peptide (2 mg/ml),
purified IgG from an anti-APaseP antiserum, or from normal rabbit serum,
each at 10 �g/ml, or buffer. As a control, microtiter wells were coated with an
unrelated peptide. (B) CPGPEGAGC-displaying phage was injected into the tail
veins of mice together with 2.5 mg of the anti-APaseP IgG or control IgG.
Anti-APaseP blocked the breast homing, whereas the control antibody had no
effect. (C) Recovery of a phage carrying another breast-homing peptide, CRSS,
could not be blocked by the anti-APaseP antiserum (2.5 mg) or by free
CPGPEGAGC peptide (1 mg).
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s.c. implantation, and the secretion of specific growth factors by
the breast tissue (27).

Only a few organ- and tumor-specific receptors for homing
peptides have been reported, but it is striking that several of
them are peptidases or proteases. A lung-homing peptide
recognizes membrane dipeptidase, which is selectively ex-
pressed in lung blood vessels (16), and aminopeptidase N (15)
and matrix metalloproteases (12) serve as receptors for two
peptides that home to angiogenic vasculature. This report adds
APaseP to the list of tissue-specific homing peptide receptors
that are proteases. The sequence of the phage cDNA that
bound to the homing peptide, although very similar, was not
identical with the published APaseP sequence, presumably
because of instability of the cloned sequences in the phage.
Alternatively, more than one APaseP may exist. Nonetheless,
inhibition of phage homing with an anti-ApaseP and binding
to the homing peptide of an APaseP recognized by this

antiserum from tissues confirmed the identification of the
receptor. The prevalence of proteases as receptors for vascular
homing peptides may ref lect a diversity of protease expression
in various tissues. However, we cannot exclude the possibility
that peptide library screening might favor proteases as targets,
because proteases possess a peptide recognition site, whereas
other types of molecules often recognize larger surfaces on
proteins.

Our CPGPEGAGC peptide may mimic the natural substrates
for APaseP, because the CPGPEGAGC peptide contains po-
tential recognition sequences for APaseP. APaseP cleaves pep-
tides at an N-terminal X-P-Z sequence (28–30). The peptide
contains two X-P-Z sequences, although neither is N-terminal in
the phage. This location of the recognition sequence, and the
cyclic structure of the peptide, may explain why the phage stays
bound to the enzyme; the enzyme may recognize the peptide, but
is unable to cleave it. The active site of APaseP has not been
identified, but our results suggest that the very N terminus of the
mature protein may form at least part of the substrate recogni-
tion site of this enzyme.

APaseP is a GPI-linked membrane protein expressed on the
surface of vascular endothelial cells in various tissues, on
lymphoid cells, and on the brush-border membrane in the
intestine and in kidney tubules (20). Potential physiological
substrates for APaseP include interleukins and bradykinin
(30). We found that APaseP is expressed at higher levels in
mouse breast tissue than in other tissues (M.E. and E.R.,
unpublished work). However, this difference may not be
sufficiently large to explain the highly selective homing of the
CPGPEGAGC peptide to breast vasculature. Our immuno-
blotting results also suggest that individual tissues may express
different isoforms of APaseP. Thus, the CPGPEGAGC pep-
tide might specifically recognize a particular isoform of
APaseP.

The breast-homing peptide we describe here may be useful
in targeting therapies to breast tissue. A therapeutic benefit
gained by coupling anticancer drugs to homing peptides has
been demonstrated in preclinical models of cancer (7, 17–19).
Therapeutics based on conjugates of the breast-homing pep-
tide could provide a means of reducing breast tissue in
individuals with high risks for breast cancer and may also be
useful in enhancing the efficacy of anticancer drugs in early
breast cancer.
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