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Abstract

Vascular beds are known to differ in structure and meta-
bolic function, but less is known about their molecular di-
versity. We have studied organ-specific molecular differ-
ences of the endothelium in various tissues by using in vivo
screening of peptide libraries expressed on the surface of a
bacteriophage. We report here that targeting of a large
number of tissues with this method yielded, in each case,
phage that homed selectively to the targeted organ. Differ-
ent peptide motifs were recovered from each of these tis-
sues. The enrichment in homing to the target organs relative
to an unselected phage was 3-35-fold. Peptide sequences
that conferred selective phage homing to the vasculature of
lung, skin, and pancreas were characterized in detail. Im-
munohistochemistry showed that the phage localized in the
blood vessels of their target organ. When tested, the phage
homing was blocked in the presence of the cognate peptide.
By targeting several tissues and by showing that specific
homing could be achieved in each case, we provide evidence
that organ- and tissue-specific molecular heterogeneity of
the vasculature is a general, perhaps even universal, phe-
nomenon. Our results also show that these molecular differ-
ences can serve as molecular addresses. (J. Clin. Invest.
1998. 102:430-437.) Key words: blood vessels « vascular
markers « endothelial cells « organ targeting « peptide li-
braries

Introduction

Vascular endothelial cells play a crucial role in many physio-
logical processes, including blood-tissue exchange, activation
and migration of white blood cells, fibrinolysis, and coagula-
tion (1). The vascular system is important in a variety of patho-
logical conditions, including the main causes of morbidity and
mortality—atherosclerosis and cancer (2, 3).

There are indications that the vascular beds in different
parts of the body are morphologically and functionally differ-
ent (4, 5). This is particularly true of the lymphoid tissues,
where the high endothelium is composed of cells that express
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unique adhesion molecules for lymphocyte homing (6-8).
Moreover, metastasis into preferred organs by certain tumors
may depend on interactions between tumor cells and organ-
specific molecules in vascular beds. Thus, endothelial cell
membrane vesicles have been found to bind preferentially
those tumor cells that metastasize to the tissue of origin of the
endothelial vesicles (9, 10).

Identification of organ-specific vascular markers has pro-
gressed slowly, at least partly because of difficulties in isolating
pure populations of endothelial cells from tissues. Moreover,
isolated and cultured cells may lose their tissue-specific traits
upon culture (5, 11, 12). Thus, the phenotype of endothelial
cells is unstable and likely to change when the cells are re-
moved from their microenvironment.

Phage display peptide libraries are commonly used to ob-
tain defined peptide sequences interacting with a particular
molecule. In this system, peptides in as many as 10° permuta-
tions are expressed on the phage surface by fusion to one of
the phage surface proteins and the desired peptides are se-
lected on the basis of binding to the target molecule (13). The
strength of this technology is its ability to identify interactive
regions of proteins and other molecules without preexisting
notions about the nature of the interaction. Phage libraries
have been used to select for peptides that bind immobilized
proteins (14-17), carbohydrates (18), and for peptides that
bind to cultured cells (19).

Recently, we reported on a new approach to the use of
phage libraries. We showed that peptides capable of tissue-
specific homing could be identified by performing a selection
for that trait in vivo (20). In that work, we isolated peptides ca-
pable of homing to two organs, the brain and the kidneys. The
objective of the present study was to conduct a broad assess-
ment of the organ-specific molecular diversity in endothelia.
We have targeted seven different organs and obtained, in each
case, phage that homed preferentially to the target organ. De-
tailed analysis of the homing to three of these organs revealed
unique peptide sequences that mediated selective phage hom-
ing to the vasculature of these organs. As these tissues were se-
lected to be different in size, location, function, and embryo-
logical derivation, our results suggest that a widespread system
of endothelial specificities exists in tissues.

Methods

Phage peptide libraries. FuseS vector and K91kan bacterial strain
were a gift from G. Smith (21). Peptide phage libraries were con-
structed as described previously (16). The libraries used in this study
were: X;, CX(C, CX,;C, CX;CX;CX;C, and X,CX,CX (C = cysteine;
X = any amino acid). The titer of the various libraries was ~ 10
transducing units/ml (TU/ml).! Purification of phage particles and se-

1. Abbreviations used in this paper: GST, glutathione-S-transferase;
TU, transducing units.



quencing of phage single-stranded DNA were performed as de-
scribed (16).

In vivo selection. 2-mo-old Balb/c and Balb/c nude mice were
purchased from Harlan Sprague Dawley (San Diego, CA). In vivo
phage selection was performed as described previously, with a few
modifications (20, 22). Briefly, mice were first anesthetized with 0.017
ml/g of Avertin and then injected intravenously (tail vein) with 10"
TU of phage peptide library. A major modification to the earlier pro-
cedure was that after 5 min of phage circulation in vivo, the mice were
perfused through the heart with 5-10 ml of DME (Sigma Chemical
Co., St. Louis, MO). Organs were then weighed, homogenized, and
the phage were rescued by infection with K91kan bacteria. For the
second and third rounds of in vivo selection, at least 200 clones were
picked from the previous round and grown individually. Cultures
were then pooled, phage particles purified, and 10° TU of this pool
were injected into mice. Phage ssDNA of individual clones from the
second and third round of selection was prepared and the insert se-
quenced. Phage with sequences appearing repeatedly in both rounds
were retained, and the selected phage were then characterized fur-
ther by injecting them individually.

For in vivo targeting of the skin we used Balb/c nude mice to
avoid contamination of the tissue with hair. The mice were injected
intravenously with phage and perfused as described above. Any con-
tact of the skin with perfused blood was avoided. Skin was removed
in large sections and placed on an ice-cold plate with the hypodermis
facing up. The skin was then scraped with a scalpel, yielding primarily
the hypodermis, and leaving behind the epidermis and part of the
dermis. The scraped skin tissue was then processed for phage recov-
ery as described above.

For in vivo targeting of the retina, 2-mo-old female Simonson Al-
bino rats were anesthetized using 50 mg/kg body weight sodium-phe-
nobarbital. While under deep anesthesia, the rats were injected with
10" TU of a library. The injection was administered into the left ven-
tricle of the heart. After 2-5 min circulation time, the anterior cham-
ber with cornea and lens were removed and the retina was peeled off
the remaining posterior chamber. The tissue was homogenized in 1 ml
ice-cold DME containing 1 mM PMSF, 20 wg/ml aprotinin, and 1 pg/ml
leupeptin (all from Sigma Chemical Co.). The tissue was washed
three times with 1 ml DME and containing protease inhibitors. The
phage were rescued by infecting bacteria and used for the subsequent
round of selection. To assess homing of individual phage to retina, a

phage that provides ampicillin-resistance, f{dAMPLAYS8S8 (23; a gift
from Richard N. Perham, Cambridge University, Cambridge, UK),
was used as an internal control. Rats were injected with an equal
amount of the selected and fdAMPLAYS88 phage, and homing to
retina was evaluated by comparing the number of TU rescued
from the retina on tetracycline (selected phage) and ampicillin plates
(fdAMPLAYSS).

Glutathione-S-transferase (GST)—fusion proteins. PCR amplifica-
tion of the peptide-coding inserts was performed on phage ssDNA
using the primers: AGGCTCGAGGATCCTCGGCCGACGGG-
GCT (sense) and AGGTCTAGAATTCGCCCCAGCGGCCCC (anti-
sense). Annealing temperature for PCR was 53°C. PCR products
were ethanol precipitated and digested with BamHI and EcoRI. Di-
gested fragments were inserted in-frame into the same sites of
pGEX2TK vector (Pharmacia; Uppsala, Sweden). Large-scale prepa-
rations of GST-fusion proteins were produced and purified according
to manufacturer’s instructions (Pharmacia). The molecular weight
and purity of the GST-fusion proteins were examined by SDS-
PAGE.

Immunohistochemistry. Phage proteins were detected in tissues
by immunostaining as described (20, 22). Briefly, anesthetized mice
were injected with 10° TU of phage and perfused as described above.
The organs were surgically removed and then fixed in Bouin’s solu-
tion (Sigma Chemical Co.). An antiserum against M13 phage (Phar-
macia) was used for the staining, followed by a peroxidase-conju-
gated secondary antibody (Sigma Chemical Co.).

Results

Organ-selective phage isolated by in vivo screening. To iden-
tify phage that home selectively to individual organs, we in-
jected phage libraries intravenously into mice and subse-
quently rescued the phage from these targets. We performed
in vivo screens on lung, pancreas, skin, intestine, uterus, adre-
nal gland, and retina. All the screens yielded enrichment in
phage homing to the target organ. The phage homing to lung,
pancreas, and skin were selected for a detailed analysis.

Fig. 1 shows the enrichment profile obtained in three
rounds of selection when targeting the lungs with a CX,C li-

CX,C library
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Figure 1. Selection of lung-targeting phage by in
vivo screening of a phage-displayed peptide li-
brary. A CX,C library (10'° TU) was injected into
the tail vein of mice. 5 min after the injection, the
mice were perfused through the heart and phage
were rescued from various organs. Phage recov-
ered from the lungs was amplified and re-injected
in two consecutive rounds. The number of TU
recovered from lung, kidney, and brain tissue is

round 1 round 2

round 3

shown. Error bars show standard deviation of the
mean from triplicate platings.
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Figure 2. Specificity of organ-homing phage. Mice were injected with 10° TU of phage selected for organ homing or with unselected phage with-
out insert. 5 min after the injection, the mice were perfused and phage were recovered from the indicated organs. The number of TU recovered
is shown. Selective phage homing is shown for lung (GFE-1 and GFE-2), skin (CVALCREACGEGC), and pancreas (SWCEPGWCR) phage.

Error bars show standard deviation of the mean from triplicate platings.

brary. The number of TU recovered from lung tissue markedly
increased in the second and third rounds of selection, whereas
the number of TU recovered from the kidney and the brain,
which were used as controls, remained largely unaffected. In
an earlier study, we observed an increase in phage homing to
kidney and brain when targeting specifically these organs (20).
The enrichment in the number of phage homing to lung upon
selection was consistent and was also observed with libraries
that had the general structures CX;CX;CX;C and CX,C (data
not shown).

Phage that displayed the same or related peptide sequence
appeared repeatedly in both second and third rounds of the
lung screening. The lung-homing potential of these selected
phage was then characterized further by injecting them indi-
vidually. Four individual phage that homed to the lungs were
identified. Two of these phage, isolated in independent
screens, share the tripeptide GFE. The CGFECVRQCPERC
(termed GFE-1) phage showed 35-fold and the CGFELETC
(termed GFE-2) phage ninefold enrichment in homing to lung
relative to an unselected phage (Fig. 2; Table I). No specific
homing to kidney or brain could be detected. Two additional
lung-homing phage from the CX(C library gave a sixfold
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Table I. Targeting Sequences

Homing (Fold over

Organ/tissue Displayed sequence unselected phage)

— None 1
Lung CGFECVRQCPERC (GFE-1) 35
Lung CGFELETC (GFE-2) 9
Lung CTLRDRNC 6
Lung CIGEVEVC 5
Skin CVALCREACGEGC 7
Pancreas SWCEPGWCR 6
Intestine YSGKWGW 10
Uterus GLSGGRS 3
Adrenal gland LMLPRAD 4
Retina CSCFRDVCC 3%
Retina CRDVVSVIC 2%

The relative level of organ homing for each phage, compared to a phage
without insert, is shown. Underlined sequences indicate common motifs
displayed from either lung (double underlined) or retina (single under-
lined). *For retina, the level of phage homing was determined by using
fdAMPLAYS88 ampicilin-resistant phage as an internal control.



(CTLRDRNC phage) and fivefold (CIGEVEVC phage) en-
richment over unselected phage (Table I). Interestingly, the
EVE sequence in CIGEVEVC resembles the ELE tripeptide
in GFE-2.

Targeting of skin with a CX;CX;CX;C library also yielded
enriched phage homing (data not shown). The peptide se-
quence CVALCREACGEGC appeared repeatedly in the sec-
ond and third rounds of the selection. When tested individu-
ally, this phage gave sevenfold selectivity for skin over
unselected phage and over the background in brain and kidney
(Fig. 2; Table I).

In a screen for the pancreas, the sequence SWCEPGWCR
appeared multiple times in the second and third rounds of se-
lection. Phage displaying this sequence showed approximately
sixfold enrichment in homing to pancreas compared to unse-
lected phage and the background in the brain was low (Fig. 2;
Table I).

In vivo screens for intestine, uterus, adrenal gland, and ret-
ina yielded phage showing selective homing to these tissues.
The peptide displayed by these phage and the corresponding
enrichment are summarized in Table I.

Immunohistochemical staining for homing phage reveals
vascular localization and organ specificity. Strong immuno-
peroxidase staining for phage was seen in lung vasculature 5
min after intravenous injection of the GFE-1 lung-homing
phage (Fig. 3, A and B). Alveolar capillaries were stained,
whereas bronchiolar walls and some larger blood vessels were
negative. No preference for any anatomical part of the lung
was seen. Mice injected with unselected phage did not show
staining in the lung (Fig. 3, C and D). The GFE-2 phage was
also detected by staining in the lung microvasculature, but the
signal was weaker than for GFE-1 (data not shown). This

Figure 3. Immuno-
histochemical detection
of phage homing to lung
vasculature. GFE-1 (A4
and B) or unselected (C
and D) phage were in-
jected (10° TU) into mice
and allowed to circulate
in vivo for 5 min. After
perfusion, tissue sections
were prepared and sub-
jected to immunoperoxi-
dase staining to detect
phage proteins. In B,
small arrows are pointing
to representative capil-
laries positive for phage
staining. As indicated by
the large arrow, larger
blood vessels do not bind
GFE-1 phage. Magnifica-
tion: A and C: 100X; B
and D: 400X.
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weaker staining intensity of GFE-2 agrees with the phage-
counting data, which also showed more lung binding by GFE-1
than GFE-2 (Fig. 2).

The skin-homing phage was detected on blood vessels of
the hypodermis 5 min after intravenous injection; the dermis
was not consistently stained (Fig. 4, A and B). Injecting an
equal amount of unselected phage caused no staining in the
blood vessels of the hypodermis or dermis (Fig. 4, C and D).
To determine whether the phage had access to the dermal
blood vessels, we injected unselected phage at a 50-fold higher
input than was used with the skin-homing phage and omitted
the perfusion step. Although this procedure gave background
staining in the deep dermal vessels, only occasional vessels of
the dermis contained phage. This result suggests that circulat-
ing phage may not gain sufficient access to the dermal vessels
to cause immunostaining. Thus, the apparent lack of dermal
homing by the skin-homing phage may be due to poor access
of the phage to these vessels rather than lack of a receptor.

The pancreas-homing SWCEPGWCR phage was found
both in capillaries and larger blood vessels of the exocrine pan-
creas (Fig. 5 A) and in the pancreatic islets (Fig. 5 B). Again,
an unselected phage caused no staining (Fig. 5, C and D).

The lung- and skin-homing phage caused no staining in any
of the other organs tested. These organs include kidney, brain,
heart, muscle, lymph nodes, pancreas, intestine, and uterus
(data not shown). The SWCEPGWCR pancreas-homing
phage was an exception; it did give some staining in blood ves-
sels within the uterus. Moreover, we recovered sixfold more
SWCEPGWCR phage than unselected phage from the uterus
after an intravenous injection (data not shown). Thus, this
phage homes both to the pancreatic and uterine vasculature.
All phage, including the unselected phage, caused staining in
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Figure 4. Immuno-
histochemical detection
of phage homing to skin
vasculature. Equal
amounts of the CVAL-
CREACGEGC phage
(A and B), or unselected
phage (C and D), were
injected into the tail vein
of individual mice and
allowed to circulate for
5 min. After perfusion,
sections were prepared
and stained for the pres-
ence of phage proteins.
Magnification: A and C:
100X; B and D: 400X.

the liver and spleen (data not shown). This is consistent with enrichment of certain sequences strongly suggested that the
the previously described capture of circulating phage by the phage homing to target tissues depended on the peptide dis-
reticuloendothelial system (20, 22, 24). played by the phage, and not on some incidental mutant prop-

Cognate peptides compete for phage binding in vivo. The erty of the phage. To confirm the role of the phage-displayed

Figure 5. Immunohistochemical detection
of phage homing to pancreas vasculature.
Equal amounts of the CWCEPGWCR
phage (A and B), or unselected phage (C
and D), were injected into the tail vein of
individual mice and allowed to circulate for
5 min. After perfusion, sections were pre-
pared and stained for the presence of
phage proteins. The exocrine pancreas (A
and C) and islets (B and D) are shown.
Magnification: 160X.
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sequences in the targeting to specific organs, we constructed
GST-fusion proteins containing these sequences and used
them as competitors for phage homing in vivo. A dose-depen-
dent inhibition of the GFE-1 phage homing to lung tissue was
observed when the GST-GFE-1 protein was co-injected with
the phage; 500 pg of GST-GFE-1 inhibited phage homing by
70% (Fig. 6). Co-injection of 500 w.g of GST protein did not af-
fect lung homing of this phage. Moreover, GST-GFE-1 had no
effect on the nonspecific recovery of phage from the kidney
(Fig. 6). Lung homing of the GFE-2 phage was partially inhib-
ited by the corresponding GST-fusion protein. At 500 pg,
GST-GFE-2 inhibited the homing by 30% in several indepen-
dent experiments. Higher concentrations did not improve the
inhibition. The GST-GFE-1 protein at 500 g inhibited lung
homing of the GFE-2 phage by 60%, but the same amount of
the GST-GFE-2 protein had no effect on the homing of the
GFE-1 phage. Possible reasons for the lack of GST-GFE-2 ef-
fect on the GFE-1 phage homing include that GFE-1 may have
a higher affinity for a shared receptor, or that the GFE-2 fu-
sion protein may aggregate at higher concentrations.

GST-CVALCREACGEGC inhibited the homing of CVA-
LCREACGEGC phage to skin by 55%. An equal amount of
GST alone had no effect. The GST-CVALCREACGEGC
protein also had no effect on the phage recovery to other or-
gans such as lung and brain. There was no cross-inhibition
among the lung-homing and skin-homing peptides; the GST—
CVALCREACGEGC protein had no effect on the homing of
the GFE phage; the GFE fusion proteins did not affect the
CVALCREACGEGC phage (data not shown).

The homing of the SWCEPGWCR phage to pancreas was
not inhibited reproducibly by the corresponding GST-fusion
protein (data not shown). This lack of inhibitory activity could
be due to a difference in the conformation of the peptide dis-
played by the two systems or to a higher binding affinity of the
phage-displayed peptide than the GST-fusion protein for their
ligand—multivalent display of a peptide can lead to an in-
crease in binding affinity (16).

kidney

Figure 6. Effect of GST-GFE-1 fusion protein on
GFE-1 phage homing in vivo. GST or GST-
GFE-1, at the indicated amount, were injected
into mice together with 10° TU of GFE-1 phage.
5 min after injection, phage were recovered from
lung and kidney. Error bars indicate standard de-
viation of the mean from triplicate platings.

Discussion

We show here that vascular beds of a large number of tissues
differ from one another, and we describe peptide sequences—
identified by in vivo screening of phage-displayed peptide
libraries—that are capable of homing selectively to the vas-
culature of the lung, the skin, and the pancreas. Together with
earlier results (20), these findings establish a system of tissue-
specific individuality of vascular beds.

It may seem surprising that our method consistently yields
tissue-specific homing peptides, rather than peptides that
home nonselectively to any tissue. The phage libraries contain
only few phage displaying of any given sequence. Injecting 10"
phage particles into a mouse means that < 100 copies of any
given phage are included. As this is a small number, any phage
that binds to a ubiquitous endothelial marker will interact with
multiple binding sites elsewhere than in the tissue of interest
and will be rapidly depleted from the circulation. Thus, we be-
lieve that the selectivity is based on elimination of nonspecific
phage binding at nontargeted sites. This would leave only
those phage capable of binding selectively to the intended tar-
get tissue to be enriched there.

The potential of in vivo phage display for the identification
of targeting sequences is obviously not exhausted, because we
have tested relatively few types of libraries. Moreover, there
would seem to be a variety of organ-specific markers target-
able by our method, because it often yielded peptides with un-
related sequences that can home to the same vascular beds.
However, as illustrated by the GFE (lung) and the RDV (ret-
ina) motifs, we may have targeted the same molecules repeat-
edly. These results indicate that a given vascular bed may have
multiple specific markers, but that the number of such markers
is finite.

We have, in this study, improved on our homing peptide se-
lection by perfusing the mice after the injected phage had cir-
culated. This reduced the nonspecific background of phage re-
covery. This was particularly useful in the targeting of the
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lungs, which we had previously found to yield high levels of
background phage (20). In this study, we describe a protocol in
which perfusion of the mice after phage circulation allows one
to reduce that background. In addition, perfusion may in-
crease the stringency of the screen, selecting for phage with
higher affinities for the target. Moreover, we have recently de-
veloped an in vivo selection approach that includes noninfec-
tive phage as a competitor to thwart phage trapping in organs
containing reticulo-endothelial tissue, such as liver and spleen.
Thus, screening for peptides that home specifically to these tis-
sues may also be possible (R. Pasqualini, E. Koivunen, and E.
Ruoslahti, unpublished results).

It is interesting that the binding motif in the targeting pep-
tides is often a tripeptide that appears in different sequence
contexts. In in vivo screens for brain-homing phage the SRL
tripeptide was found in several peptides (20). In the present
work, we found a GFE motif in two lung-homing peptides and
an RDV motif in two retina-homing peptides. In a different
but related situation, the RGD motif is known to be important
for integrin binding in distinct molecular contexts (25). Thus,
many adhesive interactions seem to derive their specificity
from tripeptide recognition motifs.

Our homing peptides bind to the vasculature in the target
tissues. Earlier results have documented that for peptides
homing to the brain, kidney, and several tumors (20, 22, 26).
Thus, the vasculature of many tissues carries a tissue-specific
signature in the form of markers that can be detected by our
phage display-based method. In some organs, such as pan-
creas and uterus, this signature may be shared by unrelated tis-
sues. We have also obtained peptides that target the prostate
with high selectivity (W. Arap, R. Pasqualini, and E. Ruoslahti
unpublished results). Thus, including the brain and kidney
homing reported earlier (20), the prostate and the seven or-
gans reported here, the total number of organs targeted so far
is ten. Given that we have been successful with every organ we
have chosen to target, one can speculate that all tissues may
“label” their vasculature with distinct markers.

There are other reports on tissue-selective molecular dif-
ferences in endothelia (27). Possibly related to our findings on
specific phage homing to the lung, dipeptidyl peptidase has
been found to be expressed selectively in the lung endothelium
and to serve as the receptor for a lung-metastasizing tumor cell
line (28). Recently, Ghitescu et al. developed antibodies spe-
cific to the plasma membrane of rat lung microvascular endo-
thelium (29). Two of the proteins detected by their antibodies
show similar tissue distributions to our GFE phage. Direct
comparison of the target molecules for the antibodies and our
peptides is underway to resolve the question regarding their
identity or dissimilarity. Moreover, surface protein differences
have been detected by Dolichos biflorus agglutinin binding
(30) and in situ glycoprotein labeling in endothelial surface
proteins from liver, kidney, and brain (31). Finally, Aird et al.
(32) recently showed that expression of the von Willebrand
factor by endothelial cells can be regulated by organ-specific
transcriptional pathways. These observations are in agreement
with our results. However, the extent of tissue-specific molecu-
lar individuality of various vascular beds revealed by our data
is unprecedented.

Our data also reveal molecular heterogeneity of the endo-
thelium within a given organ. In the lungs, the GFE-1 and
GFE-2 phage stained mainly capillaries rather than larger
blood vessels. Interestingly, in the embryonic lung, capillaries
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do not arise as extensions of major blood vessels growing from
the heart. Rather, the angioblasts within the lung give rise to
capillaries that eventually become linked to extensions of the
major blood vessels (33). Thus, our results may begin to delin-
eate the molecular correlatives of such changes.

Our group has recently used in vivo selection of phage dis-
play libraries to isolate peptides that home specifically to tu-
mor blood vessels (26). When coupled to the anticancer drug
doxorubicin, these peptides enhanced the efficacy of the drug
against human breast cancer xenografts in nude mice and also
reduced its toxicity. Thus, our tissue-specific homing peptides
may not only contribute to a better understanding of endothe-
lial biology, but can also provide molecular tools for targeting
individual vascular beds with diagnostic probes and therapeu-
tic substances.
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