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involving this motif, leading to a zipper-like model for cadherin-
mediated cell adhesion'®. These antiparallel ‘adhesive inter-
actions’ are not seen in the Ecadl2 crystal structure, although
sterically Ecadl2 could be accommodated in the zipper-like
arrangement. Regardless, we have shown that the building block
of any higher-order organization is a parallel cadherin dimer
whose structure is promoted by and dependent on the presence
of bound calcium ions. The dimerization, rigidification and
resulting mechanical stabilization of E-cadherin explains, at
least in part, the calcium requirement for the integrity of cell
junctions®. O
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PREFERENTIAL homing of tumour cells'* and leukocytes™* to
specific organs indicates that tissues carry unique marker mole-
cules accessible to circulating cells. Organ-selective address
molecules on endothelial surfaces have been identified for lym-
phocyte homing to various lymphoid organs and to tissues under-
going inflammation®3, and an endothelial marker responsible for
tumour homing to the lungs has also been identified’. Here we
report a new approach to studying organ-selective targeting
based on in vivo screening of random peptide sequences. Peptides
capable of mediating selective localization of phage to brain and
kidney blood vessels were identified, and showed up to 13-fold
selectivity for these organs. One of the peptides displayed by the
brain-localizing phage was synthesized and shown to specifically
inhibit the localization of the homologous phage into the brain.
When coated onto glutaraldehyde-fixed red blood cells, the pep-
tide caused selective localization of intravenously injected cells
into the brain. These peptide sequences represent the first step
towards identifying selective endothelial markers, which may be
useful in targeting cells, drugs and genes into selected tissues.

We injected phage libraries'®" intravenously into mice and
subsequently rescued the phage from individual organs. Within
the time frame of the experiments, the bulk of the phage remained
in circulation (not shown). Some organs, such as liver and lung,
captured too many phage to be used as target organs for selection;
we focused on peptide sequences that directed phage binding to
the brain and kidney, because these organs bound relatively few
phage from the unselected libraries.

To select peptides that home to the brain, phage were injected
intravenously, recovered from the brain, amplified repeatedly in
vitro, and re-injected to obtain sufficient enrichment. Although
more of the injected phage were recovered from an equivalent
amount of kidney than from brain after the first injection, 6- and
13-fold more phage were recovered from the brain in the second
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and third rounds of the selection, respectively. This enrichment
for the brain was reproducible in several experiments. Results
from representative experiments performed with two different
mixtures of libraries are shown in Fig. 1.

Sequencing of the inserts from 48 brain-localizing phage from
library pool I revealed three dominant amino-acid sequence
motifs. Peptides containing an SRL motif represented 54% of
the clones, followed by a CENWWGDVC motif (29%). Other
motifs that appeared more than once included CKDWGRIC,
CVLRGGRC and CTRITESC. Many of these less common
motifs shared the sequence RI/RL with the more common ones.
Eight sequences were seen only once and probably represent
background. From the library pool II phage, 25 sequences
revealed only one motif, WRCVLREGPAGGCAWFNRHRL,
which comprised 40% of the sequences.

The SRL tripeptide was found in several sequence contexts,
indicating that the sequences were derived from a number of
independent phage. Moreover, the DNA sequences of phage
displaying the same peptide were in some cases not identical.
The strong selection for predominant motifs and their internal
diversity clearly shows that the peptide displayed by the phage,
rather than some incidental mutant property of the phage, is
responsible for the selective binding.

When tested as isolated phage, the CLSSRLDAC,
CNSRLHLRC, CENWWGDVC and WRCVLREGPAGG-
CAWFNRHRL phage each targeted the brain several-fold
more effectively than the kidney. The brain/kidney ratios
(number of phage recovered from brain divided by number
of phage recovered from the same amount of kidney tissue)
were about 8 for the CLSSRLDAC and the CNSRLHLRC
phage, 4 CENWWGDVC, and 9 for WRCVLREGPAGG-
CAWFNRHRL. A phage that had not been selected for brain
or kidney binding gave a brain/kidney ratio of approximately 1.

Phage that would home selectively into the kidney were isolated
from a mixture of the CX;C and CX,C libraries. The enrichment
was three- to fivefold (data not shown). Phage carrying two motifs,
CLPVASC and CGAREMC, constituted 60% of the 48 phage
sequenced; CKGRSSAC appeared three times. The preferential
binding to kidney relative to brain was highest, about sevenfold,
with CLPVASC phage. Control phage again gave a kidney/brain
ratio of about 1.

Immunohistochemical staining of the brain-binding phage dis-
playing CLSSRLDAC revealed staining within the brain capil-
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laries (Fig. 2a). No preference for any part of the brain was seen.
Injection of the kidney-binding CLPVASC phage did not cause
staining of the brain capillaries (Fig. 2b). In contrast, the kidney-
binding phage was found in the glomeruli and in between the
tubules (Fig. 2¢). Only slight staining was seen in the kidney with
the brain-binding phage (Fig. 2d).

A soluble cyclic peptide was synthesized according to one of the
brain-binding phage sequences, CLSSRLDAC. We chose to
synthesize this peptide because it gave a slightly higher (8.2
versus 7.6) brain/kidney ratio than the most prevalent motif,
CNSRLHLRC. The CLSSRLDAC peptide inhibited the prefer-
ential localization into the brain of the phage carrying the same

FIG. 1 Selective localization of phage to the brain. Two library pools, CXs_;C/CXgq (pool [)1°-12
and X,CX;4CX,, X,CXyg (pool 1I) (E. Koivunen and E.R., unpublished data) were injected in the
tail vein. After 1-4 min the mice were killed and the phage rescued from tissues. Phage
recovered from the brain were amplified and re-injected in two consecutive rounds. The
number of phage (transducing units) recovered from brain (black bars) and kidney (hatched
bars) tissue in a representative experiment with each library pool is shown. The number of
phage recovered from different organs varied to some extent, but the ratios were consistent
across experiments. The bars show standard error of the mean (s.e.m.) from plating in
triplicate.

METHODS. The libraries were prepared as described'® %, and display mostly cyclic peptides,
which often bind with higher affinity than non-cyclic peptides***2. Balb/c (2-month-old
females; Jackson Laboratories, Bar Harbor, ME) were anaesthetized with Avertin
(0.015 mig™*) and injected intravenously (tail vein) with a mixture of phage libraries containing
10 (pool 1) and 10** (pool Il) transducing units diluted in 200 ul DMEM. At the end of the
experiment the mice were snap-frozen in liquid nitrogen, while in a state of deep anaesthesia.
To recover the bound phage, the carcasses were partly thawed at room temperature, organs
were removed, weighed, and ground in 1 ml DMEM-PI (DMEM containing the protease
inhibitors phenyl methyl sulphonyl fluoride (1 mM), aprotinin (20 ugmi~) and leupeptin
(1 ug m1)). The tissue were washed three times with ice-cold DMEM-PI containing 1% BSA
and incubated with 1 ml of bacteria for 1h. NZY medium (10ml) containing 0.2 ug mi=*
tetracycline was added, the mixture was incubated in a 37 °C shaker for 1 h, and 200-pl
portions were plated in agar plates in the presence of 40 ugmi~* tetracycline. About 200
2 individual colonies were grown separately for 16 h in 5 ml NZY medium containing 40 pg mi~*
ird tetracycline. The bacterial cultures were then pooled and the amplified phage were injected

into mice as described above.
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FIG. 2 Immunohistochemical staining of phage in brain and
kidney tissue. Phage were amplified individually and injected
into mice. Tissue sections were prepared after perfusion of
the mice through the heart with DMEM, and the organs were
fixed in Bouin solution. An antibody against M13 (Pharmacia
Biotech, Piscataway, NJ) was used for the staining, followed
by a peroxidase-conjugated secondary antibody (Sigma, St
Louis, MO). Brain-selective phage displaying CLSSRLDAC in
brain (a) and in kidney (d), and the kidney-selective phage
displaying CLPVASC in kidney (c) and in brain (b) are shown.
Maghnification: a, x400; b—d, x200.

WRCVLREGPAGGCAWFNRHRL  CLSSRLDAC CENWWGDVC
phage phage phage
300 60 70
FIG. 3 Effect of the CLSSRLCAC synthetic peptide on the in vivo localization 50 601
of phage. Brain-binding phage displaying CLSSRLDAC, CENWWDGVC and
WRCVLREGPAGGCAWFNRHRL motifs were titrated to the same concentra- i 200 0. 501
tion and 108 transducing units were injected into mice either on their own o
(black bars) or together with 500 pg of the CLSSRLDAC synthetic peptide r 404
(hatched bars). Shown is the number of phage (transducing units) recov- < 304 *
ered from the brain. The CLSSRLDAC peptide was synthesized and purified g 30
by high-performance liquid chromatography (Immunodynamics, La Jolla, 3 00
CA). Bars show s.e.m. from triplicates. Asterisks indicate statistically g’ 207 204
significant differences (unpaired Student t-test, P < 0.05). = .
107 10+
0+ 0 oJ
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FIG. 4 Tissue localization of red blood cells coated with CLSSRLDAC
peptide. Inhibition of brain localization by the corresponding soluble
peptide. lodinated CLSSRLDAC peptide was coupled to red blood cells and
injected into the tail vein of mice in the presence or absence of unlabelled
peptides. Radioactivity in perfused brain (black bars) and kidney (hatched
bars) tissues is shown.

METHODS. The CLSSRLDAC peptide (1 mg) was labelled using the Bolton
Hunter reagent (Amersham Life Science, Arlington Heights, IL), and
purified by reversed-phase chromatography on Sep-Pak cartridges
(Waters, Millipore, Milford, MA). The labelled peptide (100 pg) was coupled
to 1 ml glutaraldehyde-stabilized sheep red blood cells (Sigma, St Louis,
MO) according to the manufacturer’s instructions. The coated cells (50 pl,
200,000 c.p.m.) were injected into the tail vein of mice in the presence or
absence of 10 mM of unlabelled CLSSRLDAC peptide. An unrelated pep-
tide, CVRLNSLAC, was used as a control. The mice were killed 2 min later,
perfused through the heart with 50 ml DMEM, and their brain and kidneys
were removed and assayed for radioactivity. The animals were treated in
accordance with the Institute’s Animal Facility Guidelines. Bars show s.e.m.
from triplicates. Asterisks indicate statistically significant differences
(unpaired Student’s t-test, P < 0.05).

sequence and of the WRCVLREGPAGGCAWFNRHRL phage,
but had no effect on the brain localization of the CENWWDGVC
phage (Fig. 3). Thus the first two peptides, which were obtained
from different libraries in two independent experiments, seem to
bind to the same target molecule, possibly because of the similarity
of the C terminus of the long peptide with the SRL motif.
Differences in binding parameters may explain the greater sus-
ceptibility of the long motif to inhibition by the CLSSRLDAC
peptide. The third peptide is likely to have a different target.

We also showed that CLSSRLDAC could target a particle
other than the phage to the brain. Coupling the peptide onto
the surface of red blood cells resulted in their accumulation in the
brain to a greater extent than in the kidney (Fig. 4). Moreover, the
brain localization of the red blood cells was blocked by co-
injection of the soluble peptide, whereas the accumulation in
the kidney was not affected (Fig. 4).

Future studies will be needed to identify the molecules to which
the peptides bind in the brain and kidney. The sequences of the
binding motifs are not helpful in this regard, because they do not
reveal any significant similarities with known receptor ligands.
Our initial attempts to identify the target molecule for the
CLSSRLDAC peptide by affinity chromatography of brain
extracts have not been successful, possibly because endothelial
cell molecules would only be present as minor components in a
brain extract. The receptors for the peptides are likely to be
endothelial cell molecules, because the phage were allowed to
circulate only for a few minutes, making it unlikely that the phage
would have left the circulation. Moreover, immunohistochemical
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staining of phage after injection showed that they remain in the
lumen of blood vessels in the targeted organs.

To our knowledge this is the first time an in vivo selection
procedure has been applied to a random library. So far we have
targeted only two organs, the brain and the kidney, and were in
each case able to recover organ-selective phage. This initial
success suggests that it will be possible to apply this procedure
to the identification of selective binding sequences for other
organs as well, although organs that capture a large number of
phage, such as liver and lung, may prove rather more troublesome.
The method should be applicable to phage display libraries
expressing larger proteins including the antibody variable binding
region and the binding domains of specific ligands, as well as
random libraries based on principles other than phage display; the
only requirement is the ability to identify the compound in the
tissue after the in vivo binding.

Organ-selective targeting molecules isolated from random
libraries following the procedures described here may have a
variety of uses. It may be possible to graft motifs to surface
molecules of viruses or cells used in gene therapy. Other possibi-
lities include their use in the preparation of drug conjugates or
liposomes with specific targeting properties. Tumour vasculature,
which undergoes active angiogenesis and contains specific mar-
kers'*!, would be a particularly attractive future target, as it might
allow therapies to be directed into tumours while sparing other
tissues. Od
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