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Steps toward mapping the human vasculature
by phage display
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The molecular diversity of receptors in human blood vessels remains largely unexplored. We de-
veloped a selection method in which peptides that home to specific vascular beds are identified
after administration of a peptide library. Here we report the first in vivo screening of a peptide
library in a patient. We surveyed 47,160 motifs that localized to different organs. This large-
scale screening indicates that the tissue distribution of circulating peptides is nonrandom. High-
throughput analysis of the motifs revealed similarities to ligands for differentially expressed
cell-surface proteins, and a candidate ligand-receptor pair was validated. These data represent a
step toward the construction of a molecular map of human vasculature and may have broad im-
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plications for the development of targeted therapies.

Despite major progress brought about by the Human Genome
Project'?, the molecular diversity of blood vessels has just
begun to be uncovered. Many therapeutic targets may be ex-
pressed in very restricted but highly specific and accessible lo-
cations in the vascular endothelium. Thus potential targets for
intervention may be overlooked in high-throughput DNA se-
quencing or in gene arrays because these approaches do not
generally take into account cellular location and anatomical
and functional context.

We developed an in vivo selection method in which peptides
that home to specific vascular beds are selected after intra-
venous administration of a phage-display random peptide li-
brary®. This strategy revealed a vascular address system that
allows tissue-specific targeting of normal blood vessels** and
angiogenesis-related targeting of tumor blood vessels®™™.
Although the biological basis for such vascular heterogeneity
remains unknown, several peptides selected by homing to
blood vessels in mouse models have been used by several
groups as carriers to guide the delivery of cytotoxic drugs®, pro-
apoptotic peptides®, metalloprotease inhibitors’, cytokines™,
fluorophores® and genes*®. Generally, coupling to homing pep-
tides yields targeted compounds that are more effective and
less toxic than the parental compound®®**. Moreover, vascular
receptors corresponding to the selected peptides have been
identified in blood vessels of normal organs* and in tumor
blood vessels'**¢. Together, these results show that it is possible
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to develop therapeutic strategies based on selective expression
of vascular receptors?’.

Although certain ligands and receptors isolated in mouse
models have been useful to identify putative human ho-
mologs'®*, it is unlikely that targeted delivery will always be
achieved in humans using mouse-derived probes. Data from
the Human Genome Project indicate that the higher complex-
ity of the human species relative to other mammalian species
derives from expression patterns of proteins at different tissue
sites, levels or times rather from a greater number of genes*?. In
fact, several examples of species-specific differences in gene ex-
pression within the human vascular network have recently sur-
faced. The divergence in the expression patterns of the
prostate-specific membrane antigen (PSMA) between human
and mouse illustrates such species specificity. Selective expres-
sion of PSMA occurs in the human prostate, but not in the
mouse prostate; instead, the mouse homolog of PSMA is ex-
pressed in the brain and kidney®. Additionally, PSMA is a
marker of endothelial cells of tumor blood vessels in humans®,
whereas the mouse homolog of PSMA is undetectable in
tumor-associated neovasculature in the mouse (W.D. Heston,
pers. comm.). Another example of such divergence is the TEM7
gene, which is highly expressed in a selective manner in the
endothelium of human colorectal adenomas®. By contrast,
mouse Tem7 is expressed not in tumor blood vessels but in
Purkinje cells instead®. Thus, striking species-specific differ-
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Large-Scale Phage Library Production
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Fig. 1 In vivo phage-display screening for pep-
tides that home to human tissues through the
systemic circulation. a, Schematic flowchart of
the study. b, Phage recovery from various human
tissues in vivo. Tissue samples were processed
and phage recovered as described in Methods.
Shown are means + s.e.m. of phage transducing
units (TU) per gram of tissue obtained from each
biopsy site.

distinct tripeptide motifs representing all
possible n; overlapping tripeptide motifs in
both directions (n << ng). This analysis was
applied for phage recovered from each tar-
get tissue and for the unselected CX;C ran-
dom phage-display peptide library. Counts
were recorded for all overlapping interior
tripeptide motifs, subject only to reflection
and single-voting restrictions. No peptide
was allowed to contribute more than once
for a single tripeptide motif (or a reversed
tripeptide motif). Tripeptide motifs in both
directions are chemically nonsymmetrical
and not necessarily equivalent. However,
because we often recovered forward and
reverse tripeptides recognizing the same
receptor by in vivo phage display, we chose
to take reflection into account, with the
understanding that this is not a general
feature that is applicable to every
ligand-receptor pair interaction. Each

peptide contributed five tripeptide motifs.

ences in protein expression and ligand-receptor accessibility
dictates that vascular targeting data obtained in animal models
must be carefully evaluated before extrapolating to human
studies.

Screening phage-display libraries in humans

We reasoned that in vivo selection of phage-display random
peptide libraries in humans would advance the identification
of human vascular targeting probes and facilitate development
of targeted delivery of therapeutic and imaging agents to the
vasculature. This study reports the initial step toward develop-
ing an in vivo phage display-based, ligand-receptor map of
human blood vessels.

A large-scale preparation of a phage random peptide library
containing the insert CX,C (C, cysteine; X, any amino-acid
residue) and designed to display a constrained cyclic loop
within the plll capsid protein was optimized to create the high-
est possible insert diversity®. The diversity of the library was ap-
proximately 2 x 10° and its final titer was approximately 1 x
10" transducing units (TU) per ml.

A patient (see Methods) received an intravenous infusion of
the unselected random phage library, and 15 min after infu-
sion tissue biopsies were obtained to provide histopathological
diagnosis and to recover phage from various organs (Fig. 1a).

Here we demonstrate the feasibility of producing phage-dis-
play random peptide libraries on a very large scale and of se-
lecting phage clones that home to different human organs in
vivo through the systemic circulation (Fig. 1b).

High-throughput analysis of selected peptides
To analyze the distribution of inserts from the random peptide
library, we designed a high-throughput pattern recognition
software to analyze short amino-acid residue sequences. This
automated program allowed surveillance of peptide inserts re-
covered from the phage library screening.

Based on SAS (version 8; SAS Institute) and Perl (version 5.0),
the program conducts an exhaustive amino-acid residue se-
quence count and keeps track of the relative frequencies of n
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Tripeptide motif counts were conditioned
on the total number for all motifs being
held fixed within a tissue. The significance of association of a
given allocation of counts was assessed by the Fisher’s exact test
(one-tailed). Results were considered statistically significant at P
< 0.05. In summary, to test for randomness of distribution, we
compared the relative frequencies of a particular tripeptide
motif from each target to those of the motifs from the unse-
lected library; such an approach is intrinsically a large-scale
contingency table association test.

Distribution of tripeptide motifs in vivo

To determine the distribution of the peptide inserts homing
to specific sites after intravenous administration, we com-
pared the relative frequencies of every tripeptide motif from
each target tissue to those from the unselected library. We an-
alyzed 4,716 phage inserts recovered from representative
samples of five tissues (bone marrow, fat, skeletal muscle,
prostate and skin) and from the unselected library. Tripeptide
motifs were chosen for the phage insert analysis because
three amino-acid residues seem to provide the minimal
framework for structural formation and protein-protein in-
teraction?. Examples of such biochemical recognition units
and binding of ligand motifs to their receptors include RGD,
LDV and LLG to integrins®®**, NGR to aminopeptidase
N/CD13 (refs 11,15) and GFE to membrane dipeptidase**“.
Each phage insert analyzed contained seven amino-acid
residues and contributed five potential tripeptide motifs;
thus, counting both peptide orientations, a total of 47,160
tripeptide motifs were surveyed.

Comparisons of the motif frequencies in a given organ rela-
tive to those frequencies in the unselected library demon-
strate the nonrandom nature of the peptide distribution
(Table 1); such a bias is particularly noteworthy given that
only asingle round of in vivo screening was performed. Of the
tripeptide motifs selected from tissues, some were preferen-
tially recovered in a single site whereas others were recovered
from multiple sites. These data are consistent with some pep-
tides homing in a tissue-specific manner and others targeting
several tissues. We next adapted the ClustalW software from
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the European Molecular Biology Laboratory® to analyze the
original cyclic phage peptide inserts of seven amino-acid
residues containing the tripeptide motifs. This analysis re-
vealed four to six amino-acid residue motifs that were shared
among multiple peptides isolated from a given organ (Fig. 2).
We searched for each of these motifs in online databases
(through the National Center for Biotechnology Information
(NCBI; http://www.ncbi.nlm.nih.gov/BLAST/) and found
that some appeared within known human proteins. Phage-
display technology is suitable for targeting several classes of
molecules (adhesion receptors, proteases, proteoglycans or
growth factor receptors). Based on extensive work performed
in murine models, the in vivo selection system seems to favor
the isolation of peptides that recognize receptors that are se-
lectively expressed in specific organs or tissues*. As our mo-
tifs are likely to represent sequences present in circulating
ligands (either secreted proteins or surface receptors ex-
pressed on circulating cells) that home to vascular receptors,
we compiled a panel of candidate human proteins potentially
mimicked by selected peptide motifs (Table 2).

Table 1 Peptide motifs isolated by in vivo phage display screening

Target organ and motif Motif frequency P value
(%)
Unselected library
None NA NA
Bone marrow
GGG* 2.3 0.0350
GFS* 1.0 0.0350
LWS* 1.0 0.0453
ARL 1.0 0.0453
FGG 11 0.0453
GVL 2.3 0.0137
SGT 11 0.0244
Fat
EGG* 1.3 0.0400
LLV* 1.0 0.0269
LSP* 0.9 0.0402
EGR 11 0.0180
FGV 0.9 0.0402
Muscle
LVS* 2.1 0.0036
GER 0.9 0.0036
Prostate
AGG* 25 0.0340
EGR 1.0 0.0340
GER 0.9 0.0382
GVL 2.3 0.0079
Skin
GRR* 2.9 0.0047
GGH* 0.9 0.0341
GTV* 0.8 0.0497
ARL 0.8 0.0497
FGG 1.3 0.0076
FGV 1.0 0.0234
SGT 1.0 0.0234

Peptide motifs isolated by in vivo phage display screening. Motifs occurring in peptides
isolated from target organs but not from the unselected phage library (Fisher’s exact
test, one-tailed; P < 0.05). Number of peptide sequences analyzed per organ: unselected
library, 446; bone marrow, 521; fat, 901; muscle, 850; prostate, 1,018; skin, 980.
*, Motifs enriched only in a single tissue. Motif frequencies represent the prevalence of
each tripeptide divided by the total number of tripeptides analyzed in the organ.
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Validation of candidate ligands

It is tempting to speculate on a few biologically relevant ho-
mology hits. For example, a peptide contained within bone
morphogenetic protein 3B (BMP-3B) was recovered from
bone marrow. BMP-3B is a growth factor known to regulate
bone development®. Thus, this protein may be mimicked by
the isolated ligand homing to that tissue. We also isolated
from the prostate a potential mimetope of interleukin 11 (IL-
11), which has been previously shown to interact with recep-
tors within endothelium and prostate epithelium? 2, In
addition to secreted ligands, motifs were also found in several
extracellular or transmembrane proteins that may operate se-
lectively in the target tissue, such as sortilin in fat®*. We have
also recovered motifs from multiple organs; one such peptide
is a candidate mimic peptide of perlecan, a protein known to
maintain vascular homeostasis®.

To test the tissue specificity of the peptides selected, we de-
veloped a phage-overlay assay for tissue sections. Because of
the availability and well-characterized interaction between
the candidate ligand (IL-11) and its receptor (IL-11Ra), we
chose the motif RRAGGS, a peptide mimic of IL-11 (Table 2),
for validation. We show by phage overlay on human tissue
sections (see Methods) that a prostate-homing phage display-
ing an IL-11 peptide mimic specifically bound to the en-
dothelium and to the epithelium of normal prostate (Fig. 3a),
but not to control organs, such as skin (Fig. 3b). In contrast, a
phage selected from the skin (displaying the motif HGGVG;
Table 2), did not bind to prostate tissue (Fig. 3c); however,
this phage specifically recognized blood vessels in the skin
(Fig. 3d). Moreover, the immunostaining pattern obtained
with an antibody against human IL-11Ra on normal prostate
tissue (Fig. 3e) is undistinguishable from that of the CGRRAG-
GSC-displaying phage overlay (Fig. 3a); a control antibody
showed no staining in prostate tissue (Fig. 3f). These findings
were recapitulated in multiple tissue sections obtained from
several different patients.

Finally, using a ligand-receptor binding assay in vitro, we
demonstrate the interaction of the CGRRAGGSC-displaying
phage with immobilized IL-11Ra at the protein—protein level
(Fig. 4a). Such binding is specific because it was inhibited by
the native IL-11 ligand in a concentration-dependent manner
(Fig. 4b). Preliminary results indicate that serum IL-11 is ele-
vated in a subset of prostate cancer patients (C.J.L., unpub-
lished observations) and that the expression of IL-11Ra in
tumors is upregulated in some cases of human prostate cancer
(M.G.K., unpublished observations); these data may have
clinical relevance.

Discussion

Aside from in vivo phage display, use of methods such as serial
analysis of gene expression (SAGE) clearly shows that the ge-
netic progression of malignant cells is paralleled by epige-
netic changes in nonmalignant endothelial cells induced by
angiogenesis of the tumor vasculature®*. Because SAGE is
based on differential expression levels of transcripts, it fails to
address functional interactions (for example, binding) at the
protein—protein level. The complexity of the human endothe-
lium is also apparent from recent studies showing that the
profile of certain endothelial cell receptors can vary depend-
ing on ethnic background®. In fact, in vivo phage-display in
humans might reveal diversity of receptors expressed in the
blood vessels even at the level of individual patients.
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a Bone Marrow Fat
SGGGPGV HGFSHHG AEEGGTS GGLSPNW
RLGGGLA RRGFS-LG EcesFyw|| TeHLSPG
WWEGEVS GGFSPWL IEGGQVG VLSPGLG
GSARGGG GRLVGFS EGGSVES LSPGVKG
ARGGGIR |[TTGVGES EGGIFWH] LSPWKKR
RAAGGGG EGGLSGC||AW--LSPAR
GSSAGGE CAEGGAS [|AWRRLSP
LGEAGGG AEGGVRG LSPDDAL
GGLEGGG AEGGRVY
GNGGGES VVEGGVE
STGGGCS [VLVGEGG
LGGGEEW TKKLEGG
Skin
Skeletal Muscle Prostate S| | S
LVSGGMA S GRRESAG ceHwrYN || TesLETV
LVSGCNT TRRAGGG RPGRRGS GGHILEV WGTVSDA
DLVSGYG SRAGG-LG SGRRGPR GGHRAQS ATGTVGP
LVSTSAT SYRER-LG GLGRRNG GDGGHRP VV-GTVAW
TALVSQT DVAGG-LG GGRRSQT || seveens WVV-GTVT
WLVSGIG GREE-LGA LWDGRRE  ||GSGVGGH RVVHGTV
LVSSVFP GREG-wav GRRSVLT||VRGWGGH GTVRFFS
PSLVSSV AGGTFKP FGRRNLF ||[WRGWGGH
GVSLVST LGEVAGG GAGRRYW
QLVSGEP GSNDAGG GRRLWAT
NLVSRRL YRGIAGG GVGRRFG
LVSWRGS [AGGVAGG LEMVGRR
DHFLVSP GoLee ¥ LSSIGRR
GRGLVSL LLAGG-VL GRRWIDV]
FPVALVS LVVSESE GRREEGL|
RWSSLVS RTQAGG-V GRRVLGR)
WSKSLVS AGG-FGEQ RGLMGRR
PGRSLVS AGE-LIDV| RFLLGRR
AGGSTWT PGVGRRL
Ry cvIDGRR
AGGGLLM ADGRRLG
VAAGGGL AGRRAQT
LYGAGGS YGRRARE
CALAGG-C PGRRLRM
IGAGGVH GGRRVTL
EQGGRRL
SGRRLHP
[FDHSGRR
GRRDVAT|
Multiple Organs
PKHGVLW MEGRGAG [[CQCGFGV VWPRFGG GERISGP) PSGTSSW
SGVLWYH SEGRGFM || RGGFGVR SRFGGRV GERLSSR|| smseTeM
GVLWAFG VEGRNSK AVGFGVI MKFGGRL TEGERAG LFDVSGT
QARGVLW VEGRYTP || averev: RFGGALR || W-WLGERV VTGLSGT
GVLVSRM|| FN-EGRQM IVGFGVA ERFGG-DE || WAWAGER NMVISGT
GTVGVLV FEGRSRS GNFGVVW FGGSVAP|| GVISGER GVSGTLG
VGVLLPA |[DHVVEGR DEPFGVA WFGGSVQ GPGGERG RSGTPGK
GGVLLLS |lwDGTEGR VWFGVG--S FGGSWSL|| LG-GGERD GRSGTSG
SGVLIHD |lLDWREGR WEGVSL-S|| LLFGGSA DIAGERV IYSGTLW
PYFGVLA RGCEGRV FGVGQWA|| MRLFGET SRSKGER CSGTLFC
FFVSGVL MTPEGRV SMRFGVS FGGFFMY|| KR-KGERV RSGTLQT
LLAGGVL RLFEGRV RFGVWT-G FGGFFMY|| SR-PGERQ LGSGTWS
GEMGGVL R-EGRRMC RFGVGR-V EFGG-QMN||CMR-RGER ESGTATG
GRAYGVL TQFEGRR SGLFGVY TFGGLIL TLRGERN FTERSGT
SGVLDGR SMEGRMF ||MKGVFGV GNSFGG-W F-GERNRI [[RYLRSGT
WSGGVLH PGSAEGR AFGVVSD RTFGGAG RGERWDL ||PLGSSGT
WSGGVLH GEGRILA || LYAFGVV WVEGGKS GERTALL|
SRQGVLR EGRFSAW KVFGVVE RGFGGLS
GVLTSYQ EGRSDIW FGVRTDL|[LWPSFGG
RGVLTS-Q EGRARWL TIFGVRR
RVPGVLS EGRERWR
LGVLSYR
KRGVLGW
evreLer| Fig. 2 Identification of extended homing motifs with the Clustal W pro-
FLGVLGR gram (European Molecular Biology Laboratory; EMBL). a and b, Peptide se-
EGVLETS quences containing selected tripeptides (Table 1) preferentially isolated
WHGERERG from each single tissue (a) or in multiple tissues (b) were aligned in clusters
[VWSRGVL B : : .
. - to obtain longer motifs shared between different peptides from each clus-
S-FGVIRG ter. The software registers sequence identities and similarities among multi-
KGSVEVL ple peptide sequences and aligns the sequences by placing peptides with
GGHFGVL the most similarity or identity next to one another. Similarity between pep-
WMDVGVL tides at the level of amino-acid class is color-coded: red, hydrophobic;
AFRVERE green, neutral and polar; pink, basic; blue, acidic. The original and ex-
CVENERE tended peptide motifs are highlighted in yellow.
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However, our validation studies show that at
least some ligand-receptor pairs are de-
tectable in multiple unrelated subjects.
Another advantage of the method described
here is that selected targeting peptides bind
to native receptors as they are expressed in
vivo. Even if a ligand-receptor interaction is
mediated through a conformational rather
than a linear epitope, it is possible to select
binders in the screening. Furthermore, it is
often difficult to ensure that proteins ex-
pressed in array systems maintain the correct
structure and folding. Thus, peptides se-
lected in vivo may be more suitable to clini-
cal applications.

Precedent exists to suggest that phage can
be safely administered to patients, as bacte-
riophage were used in humans during the
pre-antibiotic era®. Ultimately, it may be-
come possible to determine molecular pro-
files of blood vessels in specific conditions;
infusing phage libraries systemically before
resections of lung, prostate, breast and col-
orectal carcinomas, or even regionally before
resection of limb sarcomas may yield useful
vascular targets. Exploiting this experimen-
tal paradigm systematically with the analyti-
cal tools developed here may permit the
construction of a molecular map outlining
vascular diversity in each human organ, tis-
sue or disease. Translation of high-through-
put in vivo phage-display technology may
provide a contextual and functional link be-
tween genomics and proteomics. Based on
the therapeutic promise of peptide- or pep-
tidomimetic-targeting probes®, clinical ap-
plications are likely to follow.

Methods

Patient selection and clinical course. A 48-y-old
male Caucasian patient was diagnosed with
Waldenstrom macroglobulinemia (a B-cell malig-
nancy) and previously treated by splenectomy, sys-
temic chemotherapy (fludarabine, mitoxantrone
and dexamethasone) and immunotherapy (anti-
CD20 monoclonal antibody). In the few months
preceding his admission, the disease became refrac-
tory to treatment and clinical progression with
retroperitoneal lymphadenopathy, pancytopenia
and marked bone marrow infiltration by tumor cells
occurred. The patient was admitted with massive in-
tracranial bleeding secondary to thrombocytopenia.
Despite prompt craniotomy and surgical evacuation
of a cerebral hematoma, the patient remained co-
matose with progressive and irreversible loss of
brainstem function until the patient met the formal
criteria for brain-based determination of death®*;
such determination was carried out by an indepen-
dent clinical neurologist not involved in the project.
Because of his advanced cancer, the patient was
considered and rejected as transplant organ donor.
After surrogate written informed consent was ob-
tained from the legal next of kin, the patient was en-
rolled in the clinical study. Disconnection of the
patient from life-support systems followed the pro-

NATURE MEDICINE « VOLUME 8 « NUMBER 2 = FEBRUARY 2002



l@ © 2002 Nature Publishing Group http://medicine.nature.com

ARTICLES

Table 2 Examples of candidate human proteins mimicked by selected peptide motifs

Human protein
containing the motif

Extended motif *

Bone marrow

PGGG Bone morphogenetic protein 3B
PGGG Fibulin 3
GHHSFG Microsialin
Fat

EGGT LTBP-2
TGGE Sortilin
GPSLH Protocadherin gamma C3
Muscle

GGSVL ICAM-1
LVSGY Fit4
Prostate

RRAGGS Interleukin 11
RRAGG Smad6
Skin

GRRG TGF-B1
HGG+G Neuropilin-1
+PHGG Pentaxin
PHGG Macrophage-inhibitory cytokine-1
+PHGG Desmoglein 2
VTG+SG Desmoglein 1
Multiple organs

EGRG MMP-9
GRGE ESM-1
NFGVV CDO
GERIS BPA1
SIREG Wnt-16
+GVLW Sialoadhesin
WLVG+ IL-5 receptor
GGFR Plectin 1
GGFF TRANCE
+SGGF MEGF8
PSGTS ICAM-4
+TGSP Perlecan

Protein description Accession
number
Growth factor, TGF-3 family member NP_004953
Fibrillin- and EGF-like Q12805
Macrophage antigen, glycoprotein NP_001242
Fibrillin- and EGF-like, TGF- Interactor CAA86030
Adipocyte differentiation-induced receptor CAA66904
Cell adhesion AAD43784
Intercellular adhesion molecule P05362
Endothelial growth factor receptor CAA48290
Cytokine NP_000632
Smad family member AAB94137
Growth factor, TGF-f3 family member XP_008912
Endothelial growth factor receptor AAF44344
Infection/trauma-induced glycoprotein CAA45158
Growth factor, TGF-3 family member AAB88673
Epithelial cell junction protein S38673
Epidermal cell junction protein AAC83817
Gelatinase AAH06093
Endothelial cell-specific molecule XP_003781
Surface glycoprotein, Ig- and fibronectin-like NP_058648
Basement membrane protein NP_001714
Glycoprotein Q9UBV4
Ig-like lectin AAKO0757
Soluble interleukin 5 receptor CAA44081
Endothelial focal junction-localized protein CAA91196
Cytokine, TNF family member AAC51762
EGF-like protein T00209
Intercellular adhesion glycoprotein Q14773
Vascular repair heparan sulfate proteoglycan XP_001825

For similarity searches, tripeptide motif-containing peptides (in either orientation) selected by in vivo phage display screening were used. *Extended motifs containing at least 4-6
amino acid residues (Fig. 2) were analyzed using BLAST (NCBI) to search for similarity to known human proteins. Examples of candidate proteins potentially mimicked by the pep-
tides selected in the in vivo screening are listed. Sequences correspond to the regions of 100% identity between the peptide selected and the candidate protein. Conserved amino
acid substitutions are indicated as (+). Tripeptides shown in Table 1 are highlighted. TGF, transforming growth factor; TNF, tumor necrosis factor.

cedure. This study strictly adheres to current medical ethics recommen-
dations and guidelines regarding human research®, and it has been re-
viewed and approved by the Clinical Ethics Service, the Institutional
Biohazard Committee, Clinical Research Committee and the
Institutional Review Board of the University of Texas M.D. Anderson
Cancer Center.

The University of Texas and researchers (W.A. and R.P.) have equity
in NTTX Biotechnology, which is subjected to certain restrictions under
university policy; the university manages the terms of these arrange-
ments in accordance to its conflict-of-interest policies.

In vivo phage display. Short-term intravenous infusion of the phage li-
brary (a total dose of 1 x 10* phage TU suspended in 100 ml of saline) into
the patient was followed by multiple representative tissue biopsies.
Prostate and liver samples were obtained by needle biopsy under ultra-
sonographic guidance; skin, fat-tissue and skeletal-muscle samples were
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obtained by a surgical excision. Bone-marrow needle aspirates and core
biopsy samples were also obtained. Histopathological diagnosis was deter-
mined by examination of frozen sections processed from tissues obtained
at the bedside. Triplicate samples were processed for host bacterial infec-
tion, phage recovery and histopathological analysis. In brief, tissues were
weighed, ground with a glass Dounce homogenizer, suspended in 1 ml of
DMEM containing proteinase inhibitors (DMEM-prin; 1 mM phenyl-
methylsulfonyl fluoride (PMSF), 20 pg/ml aprotinin, and 1 pg/ml leu-
peptin), vortexed, and washed three times with DMEM-prin. Next, human
tissue homogenates were incubated with 1 ml of host bacteria (log phase
Escherichia coli K91kan; ODgq, = 2). Aliquots of the bacterial culture were
plated onto Luria-Bertani agar plates containing 40 pg/ml tetracycline and
100 pg/ml of kanamycin. Plates were incubated overnight at 37 °C.
Bacterial colonies were processed for sequencing of phage inserts recov-
ered from each tissue and from unselected phage library. Human samples
were handled with universal blood and body fluid precautions.
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Statistical analysis. Let p be the probability of observing a particular
tripeptide motif under total randomness, and q = 1 — p. Under such para-
meters, the probability of observing K sequences characterized as
a particular tripeptide motif out of n, total tripeptide motif sequences
is binomial (n;, p) and may be approximated by the equation
px= ®[(k + 1)/sqrt(ns; pq)] — P[k/sqrt(ns pg)], where @ is the usual cumu-
lative Gaussian probability. The value py may be treated as a P value in
testing for total randomness of observing exactly K sequences of a par-
ticular tripeptide motif. However, this test requires exact knowledge of
the true value of p, which it is difficult to obtain in practice with cer-
tainty. Therefore, to identify the motifs that were isolated in the screen-

Phage binding (TU x 10°%)

IL-11Ro OB-R VEGFR1 BSA

Fig. 4 Characterization of CGRRAGGSC-displaying phage binding proper-
ties by using purified receptors in vitro. a, Recombinant interleukin-11 re-
ceptor a (IL-11Ra), vascular endothelial growth factor receptor-1 (VEGFR1),
or leptin receptor (OB-R) were incubated with the CGRRAGGSC
-displaying phage (H). VEGFR1 was used as a representative vascular re-
ceptor; OB-R was used because it is homologous to a coreceptor of IL-
11Ra. An unrelated phage clone (displaying the peptide CRVDFSKGC, 7% )
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Fig. 3 Validation of the candidate receptor-ligand pairs resulting from
the in vivo selection. a—f, Phage clones isolated from prostate and from
skin were evaluated for binding to human tissues in an overlay assay.
Shown are paraffin-embedded tissue sections of human prostate (a, c, e
and f) and of human skin (b and d) overlaid with prostate-homing CGR-
RAGGSC-displaying phage (a and b) or skin-homing CHGGVGSGC-dis-
playing phage (c and d). Phage were detected by using an anti-M13
phage antibody. In e, IL-11Ra expression was determined by conven-
tional immunostaining with an anti-IL-11Ra antibody; a and e show
similar immunostaining patterns (brown staining). f, Negative control
antibody on prostate tissue sections. Arrowheads, positive endothelium;
asterisks, positive epithelium. Scale bar, 160 um (a, c, e and f); 40 pm
(b and d).

ing, the count for each tripeptide motif within each tissue was compared
with the count for that tripeptide motif within the unselected library.

Immunocytochemistry and phage overlays. Immunohistochemistry
on sections of fixed human paraffin-embedded tissues was done using
the LSAB+ peroxidase kit (DAKO, Carpinteria, California) as described?.
For overlay experiments, phage was used at the concentration of 5 x
10 TU/ml. For phage immunolocalization, a rabbit anti-fd bacterio-
phage antibody (B-7786; Sigma) was used at 1:500 dilution. For IL-
11Ra immunolocalization, a goat antibody (sc-1947; Santa Cruz
Biotechnology, Santa Cruz, California) was used at 1:10 dilution. Phage
binding to tissue sections was evaluated by the intensity of immunos-
taining relative to controls.

In vitro protein binding assays. Recombinant (R&D Systems,
Minneapolis, Minnesota) interleukin-11 receptor a (IL-11Ra), vascular
endothelial growth factor receptor-1 (VEGFR1), and leptin receptor (OB-
R) were immobilized on microtiter wells (at 1 pg in 50 pl PBS) overnight
at 4°C, washed twice with PBS, blocked with 3% BSA in PBS for 2 h at
room temperature, and incubated with 1x 10° TU of CGRRAGGSC-dis-
playing phage in 50 pl of 1.5% BSA in PBS. An unrelated phage clone
(displaying the peptide CRVDFSKGC) and insertless phage (fd-tet) were
used as controls. After 1 h at room temperature, wells were washed nine
times with PBS, after which bound phage were recovered by bacterial in-
fection and plated as described®. Either IL-11 or IL-1 (negative control)
was used to inhibit phage binding to IL-11Ra. Phage were incubated
with the immobilized IL-11Ra in the presence of increasing concentra-
tions of either IL-11 or IL-1. Binding of CGRRAGGSC-displaying phage on
immobilized IL-11Ra in the absence of interleukins was set to 100%.
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and insertless phage (fd-tet, (J) were used as controls. Phage binding
was evaluated and quantified as described (see Methods). b, Specificity of
phage binding to the IL-11 receptor. Phage were incubated with the immo-
bilized IL-11Ra in the presence of increasing concentrations of either IL-11
(native ligand, @) or IL-1 (negative control, O). The experiments were per-
formed three times with similar results. Shown are mean + s.e.m. from
triplicate wells.
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