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Heterogeneity of the microvasculature in different or-
gans has been well documented by multiple methods
including in vivo phage display. However, less is
known about the diversity of blood vessels within
functionally distinct regions of organs. Here, we com-
bined in vivo phage display with laser pressure cata-
pult microdissection to identify peptide ligands for
vascular receptors in the islets of Langerhans in the
murine pancreas. Protein database analyses of the
peptides, CVSNPRWKC and CHVLWSTRC, showed se-
quence identity to two ephrin A-type ligand homo-
logues, A2 and A4. Confocal microscopy confirmed
that most immunoreactivity of CVSNPRWKC and CH-
VLWSTRC phage was associated with blood vessels in
pancreatic islets. Antibodies recognizing EphA4, a re-
ceptor for ephrin-A ligands, were similarly associated
with islet blood vessels. Importantly, binding of both
islet-homing phage and anti-EphA4 antibody was
strikingly increased in blood vessels of pancreatic
islet tumors in RIP-Tag2 transgenic mice. These re-
sults indicate that endothelial cells of blood vessels in
pancreatic islets preferentially express EphA4 recep-
tors, and this expression is increased in tumors. Our
findings show in vivo phage display and laser pres-
sure catapult microdissection can be combined to re-
veal endothelial cell specialization within focal re-
gions of the microvasculature. (Am J Pathol 2005,
166:625-636)

Peptides that target vascular receptors by in vivo phage
display have been successfully identified in the mouse
and in a human subject.’® The resultant peptide se-
quences illustrate the heterogeneous nature of vascular
receptors from organ to organ.””® In addition to this
difference, many organs such as the adrenal gland, kid-
ney, pancreas, and brain contain functionally distinct
regions that are embedded within the tissue and exhibit a
unique vascular organization that suggests differential
molecular vascular addresses within the same organ.
Extraction of such functionally specialized regions from
excised organs using conventional biochemical methods
may fail to recover ligand-receptor pairs. For example,
physical separation of a specific site from the surround-
ing tissues after in vivo phage library biopanning may
disrupt the complex between the receptor and the bound
peptide-phage by mechanical manipulations and/or non-
physiological buffer conditions. Moreover, protease in-
hibitor cocktails may alleviate phage degradation by en-
dogenous proteases in crude tissue homogenates,
however the cost effectiveness of their use may be pro-
hibitive in a complex subcellular fractionation scheme
that may ultimately diminish final yields.

We set out to determine whether phage that home to a
functionally specialized region within an organ could be
isolated using a combination of in vivo phage display with
fluorescence laser microbeam microdissection and laser
pressure catapulting, hereafter referred to as laser pres-
sure catapult microdissection (LPCM).® We investigated
the vascular heterogeneity™ of the murine pancreatic
islet for the following rationale: islets perform specialized
functions that are biologically and clinically relevant, and
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the islet vasculature is readily identifiable from that of the
surrounding acinar pancreas.'" Applications of this study
include development of specific peptide-based targeting
therapies that recognize functionally distinct intravascu-
lar networks that encompass a broad range of human
diseases.

Materials and Methods

Animals

Eight-week-old wild-type C57BL/6 male mice were pur-
chased from Harlan (Indianapolis, IN). Male C57BL/6/
RIP-Tag2 transgenic mice produce spontaneous pancre-
atic islet tumors'® and were genotyped using tail-tip DNA
by the polymerase chain reaction (PCR). Mice were
housed under barrier conditions at the animal care facility
at either The University of Texas, M. D. Anderson Cancer
Center (MDACC) or the University of California, San Fran-
cisco (UCSF). All experimental procedures were ap-
proved by the Institutional Animal Care and Use Commit-
tees at MDACC and UCSF.

In Vivo Phage Display

10° transforming units of a cyclic CX,C peptide phage
library® was intravenously injected via the tail vein of
Avertin (2,2,2-tribromoethanol, 0.015 to .017 mg/g in-
jected intraperitoneally; Sigma-Aldrich Corp., St. Louis,
MO) anesthetized C57BL/6 male mice,"® and allowed to
circulate for 6 minutes while maintaining the body tem-
perature of the mice at 37°C with a heating pad. The
pancreas was removed, weighed, and homogenized in
ice-cold Dulbecco’s modified Eagle’s medium containing
Earle salts (MDACC cell culture facility) supplemented
with 1% bovine serum albumin, 1 mmol/L 4-(2-aminoeth-
yl)benzenesulfonyl fluoride hydrochloride (AEBSF), 10
pg/ml aprotinin, 1 ug/ml leupeptin (Calbiochem, San Di-
ego, CA). The pancreas homogenate was resuspended,
rinsed 3X in the same buffer and phage were recovered
by infection of the bacterial host, K91.'* Phage-infected
K91 recovered in 10 ml of Luria-Bretani (LB)/kanamycin
(Kan, 100 mg/L)/tetracycline (Tet, 0.2 mg/L) for 20 min-
utes in the dark at room temperature. Aliquots from each
culture were plated onto LB/Kan/Tet (40 mg/L) agar
plates and incubated overnight in the dark at 37°C. Two
hundred and forty-six bacterial colonies were each grown
overnight in 5 ml of LB/Kan (100 mg/L)/Tet (40 mg/L) at
37°C in the dark with agitation. Phage were purified from
pooled overnight cultures and infective titers were deter-
mined using established protocols.'® Three hundred col-
onies were picked from the second round, of which 96
colonies were randomly selected for colony PCR and
automated sequencing of the peptide insert at the
MDACC Sequencing Core Facility. For the third panning
round, intravenous injection of 10° transforming units of
purified, amplified round Il phage was followed by an
injection of 50 ug of fluorescein isothiocyanate (FITC)-
lectin (Vector Laboratories, Inc., Burlingame, CA). Mice
were infused through the right ventricle with 3 ml of 37°C

Dulbecco’s modified Eagle’s medium. The inferior vena
cava was cut for the outlet. The pancreas was harvested,
frozen at —80°C in Tissue Tek O.C.T. compound (Sakura,
Torrance, CA), and 14-um sections were cut and placed
onto prepared microscope slides for LPCM (MDACC Vet-
erinary Technical Services). The total amount of phage
recovered from the round Ill pancreas was determined
by extrapolating the number of bacterial colonies recov-
ered from four, 14-um thawed round Il pancreatic sections
to the final thickness (5 mm) of the frozen tissue block.

Fluorescence LPCM

One hundred and twenty islet sections were microdis-
sected and catapulted from 14-um frozen pancreas sec-
tions using the positioning and ablation with laser mi-
crobeams system (P.A.L.M. Mikrolaser Technologie
GmbH, Bernried, Germany) fitted to a Zeiss Axiovert 135
microscope with Fluar objectives and a fluorescence
module using the manufacturer’s suggested laser-cutting
and focus energy. Excised islet sections were catapulted
into 30 ul of either 1 mmol/L ethylenediaminetetraacetic
acid, pH 8.0 (Sigma-Aldrich Corp.) for PCR amplification,
or a protease inhibitor cocktail consisting of 1 mmol/L
AEBSF 20 pg/ml aprotinin, 10 ug/L leupeptin, 1 mmol/L
elastase inhibitor I, 0.1 mmol/L Na-Tosyl-Phe chlorom-
ethyl ketone, 1 nmol/L pepstatin A in phosphate buffered
saline (PBS), pH 7.4, for phage recovery by bacterial
infection (see below). All protease inhibitors were pur-
chased from Calbiochem.

Phage Recovery by Bacterial Infection

Catapulted islet sections were incubated with 1 ml of
stationary phase K91 for 2 hours at room temperature
with gentle agitation. Each culture was transferred to 1.2
ml of LB/Kan (100 mg/L)/Tet (0.2 mg/L) and incubated in
the dark at room temperature for 40 minutes. The tetra-
cycline concentration was increased to 40 mg/L, and the
cultures were incubated overnight at 37°C with agitation.
Cultures were plated out onto LB/Kan/Tet agar plates to
obtain single colonies. Peptide insert sequences were
amplified by colony PCR and sequenced at the MDACC
Sequencing Core Facility.

Phage Recovery by DNA Amplification

Peptide insert sequences were initially amplified by PCR
from catapulted islet sections using the fUSE5 phage
forward primer,'® and reverse primer, 5'-CCCTCATAGT-
TAGCGTAACGATCT-3'. Flanking Sfil restriction sites
were added to each peptide insert sequence by a sec-
ond PCR amplification by using the forward Sfi library
primer 5'-CACTCGGCCGACGGGC-3’, and reverse Sfil
primer: 5’-CAGTTTCGGCCCCAGCGGCCC-3" for liga-
tion into Sfil-digested CsCl,-purified fUSE5S genomic
DNA."” All primers were purchased from Genosys (The
Woodlands, TX). Ligation products were electroporated
into MC1061 bacterial hosts,'* and plated onto LB/strep-
tomycin (100 mg/L)/Tet (40 mg/L) agar plates. Single



colonies were subjected to colony PCR and sequenced
at the MDACC Sequencing Core Facility.

Phage Preparation, Phage and Antibody
Injections, and Tissue Preparation

Single-stranded CVSNPRWKC, CHVLWSTRC, and fd-tet
phage DNA were electroporated into electrocompetent
MC1061 bacterial hosts, amplified phage were purified
from overnight cultures and titered using established pro-
tocols.'® Peptide insert sequences were verified by au-
tomated sequencing (ELIM Biopharmaceuticals, Hay-
ward, CA). Phage preparations were used within 24
hours of preparation. Before injection, 10° transforming
units of CVSNPRWKC, CHVLWSTRC, and fd-tet phage
preparations were diluted into sterile PBS to a final vol-
ume of 200 wl. Fifty ug of polyclonal goat anti-mouse
EphA4 antibodies (R&D Systems, Minneapolis, MN) and
normal goat IgG (Jackson ImmunoResearch, West
Grove, PA) were diluted with sterile PBS and filtered
through a 0.22-um filter. Phage, EphA4 antibodies, or
goat IgGs were injected intravenously into male C57BL/6
or RIP-Tag2 mice, allowed to circulate for 6 minutes, and
then the mice were systemically perfused with 1% para-
formaldehyde in PBS, pH 7.4 (PFA/PBS) through the left
ventricle for 3 minutes at 120 mmHg. The inferior vena
cava was cut as an outlet for the fixative. Organs were
removed, incubated in 1% PFA/PBS for 1 to 2 hours,
embedded overnight at 4°C in 30% sucrose/PBS/0.01%
Thimerosol (Sigma-Aldrich Corp.), and frozen in O.C.T.
on dry ice.

Immunohistochemistry

All steps were performed at room temperature unless
otherwise indicated. Eighty-um frozen tissue sections
were air dried, rinsed 2X for 5 minutes each with PBS, 1X
with PBS/1% Triton X-100, and then blocked with 5%
normal mouse serum (Jackson ImmunoResearch) in
PBS/1% Triton X-100 for 1 hour. For phage immunostain-
ing, sections were incubated in a 0.22-um filtered pri-
mary antibody solution containing monoclonal rat anti-
mouse CD31 antibody (1:500; Pharmingen, San Diego,
CA), polyclonal rabbit fd-bacteriophage antibody
(1:5000; Sigma-Aldrich Corp.), and 5% normal mouse
serum in PBS/1% Triton X-100 for at least 14 hours.
Sections were rinsed 3X for 5 minutes each with PBS/1%
Triton X-100. Rinsed sections were incubated in a
0.22-um filtered solution containing mouse FITC-conju-
gated anti-rat IgG (1:200, Jackson ImmunoResearch),
mouse Cy3-conjugated anti-rabbit IgG (1:400, Jackson
ImmunoResearch), and 5% normal mouse serum in
PBS/1% Triton X-100 for 2 hours. Prepared sections con-
taining EphA4 antibody were incubated with monoclonal
rat anti-mouse CD31 in 5% normal mouse serum in
PBS/1% Triton X-100, rinsed, and incubated with mouse
FITC-conjugated anti-rat IgG, mouse Cy3-conjugated an-
ti-goat IgG (1:400, Jackson ImmunoResearch), and 5%
normal mouse serum in PBS/1% Triton X-100. After im-
munostaining, all sections were rinsed 3X, 10 minutes
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each, with PBS/1% Triton X-100, fixed for 5 minutes with
4% PFA/PBS, rinsed 3X with PBS for 10 minutes each, and
mounted with Vectashield (Vector Laboratories, Inc.).

Microscopy

Fluorescence images were acquired using an externally
coded, three-chip charge-couple device camera (Cool-
Cam; SciMeasure Analytical Systems, Atlanta, GA) fitted
on a Zeiss Axiophot fluorescence microscope with Fluar
objectives or with a Zeiss LSM 510 laser scanning con-
focal microscope with krypton-argon and helium-neon
lasers (Carl Zeiss, Jena, Germany) and analyzed with the
LSM 510 software (version 3.2.2).

Results

To prepare tissues for LPCM, we performed three rounds
of in vivo phage display starting with a cyclic CX,C phage
library (Figure 1A)." Colony counts of phage recovered
from excised pancreata showed increased selectivity of
targeting peptides homing to the pancreas with each
successive panning round (Figure 1B). Islets were readily
distinguished from the surrounding acinar pancreas by
their characteristic vascular organization as revealed by
fluorescein isothiocyanate-conjugated Lycopersicon es-
culentum lectin (FITC-lectin)-labeled blood vessels (Fig-
ure 1C)."® Phage recovery from LPCM islet sections was
achieved by two routes, bacterial infection' and sub-
cloning nested PCR-amplified peptide insert sequences
into the fUSE5 phage genome (Figure 1C).

Bacterial infection of phage recovered from catapulted
islet sections yielded eight bacterial clones from which
seven unique peptide sequences were obtained (Table
1). Conversely, subcloning PCR-amplified peptide insert
sequences from catapulted islets into the fUSE5 phage
genome vyielded hundreds of transformed bacterial
clones, however, sequence analyses of 80 randomly se-
lected clones yielded 11 unique sequences. |dentified
peptide sequences were analyzed using the Basic Local
Alignment Search Tool (BLAST) on the National Center
for Biotechnology Information web site (http./www.
ncbi.nlm.nih.gov/BLAST) to search for putative homolo-
gous proteins (Table 1). Peptides CVPRRWDVC and
CQHTSGRGC exhibited partial sequence identity to the
laminin B-2 chain at positions 197 to 201 and 1088 to
1092, respectively.'® Peptides CVSNPRWKC and CHVL-
WSTRC exhibited partial sequence identity to ephrin-A2
and ephrin-A4 which are glycosylphosphatidylinositol-
anchored proteins that bind to EphA-type receptors.?®

Precedence for vascular expression of both classes of
Eph receptors and ephrin ligands has been documented.
Mouse knockout studies have shown interactions be-
tween the EphB2, B3, and B4 receptors, and their corre-
sponding ligands, ephrinB1 and B2, are necessary for
vasculogenesis and angiogenesis.?’ Ephrin-A1 expres-
sion is induced by tumor necrosis factor-a in human
umbilical vein endothelial cells and its binding to the
EphA2 receptor results in receptor autophosphoryla-
tion.?2 Ephrin-A1 induces angiogenesis in rat corneal



628 Yao et al
AJP February 2005, Vol. 166, No. 2

® ©

10° TU CX,C Phage Library

l

Inject into C57BL/6 mice
6 minute circulation at 37 °C
5 ml MEM perfusion for RIII only

:

Remove pancreas and allow recovered
phage to infect K91 bacteria

—

Grow 246 colonies in separate overnight cultures

l

Pool and purify amplif{ed phage for 2 iterative
injections into RII and RIII C57BL/6 mice

3x10° 4

N
x
-
o
G
n

1x10°4

Recovered colonies/gm tissue

| I I
Panning Round

J 120 islet sections into
PBS/Protease Inhibitor Cocktail

OCT frozen pancreas from RIII
C57BL/6 mouse injected with 10° TU
RII phage and FITC-lectin

14 um cryosections

Microdissection of Pancreatic Islet Sections

PN

120 islet sections into
ImM EDTA, pH 8.0

'

v Nested PCR amplification of
peptide insert sequences

Fluorescence Laser Pressure Catapulting J

Infect islet sections

with K91 bacteria ‘

Subclone amplified peptide insert
sequences into fUSES genomic DNA

Plate onto antibiotic *

selective agar plates

Electroporate ligations into MC1061 bacteria
Plate onto antibiotic selective agar plates

Pick single colonies for sequencing of
PCR amplified peptide insert sequences

Figure 1. /n vivo phage display and fluorescence LPCM. A: Isolation of islet-homing phage from a cyclic CX,C phage library by fluorescence LPCM proceeded
by in vivo phage display with B, an increased selectivity of pancreas-targeting phage after two iterative rounds of panning in the wild-type C57BL/6 murine
pancreas. C: Peptide-phage and phage DNA were isolated from microdissected normal mouse pancreatic islet sections from the round III pancreas by K91
infection (yellow) and DNA amplification/subcloning of peptide insert sequences (green), respectively. Islets were visually identified by fluorescence microscopy
in C57BL/6 pancreatic sections by their distinctive vascular organization. Scale bar, 18 pm (C).

pocket assays via endothelial cell migration rather than
by endothelial cell proliferation.?® The EphA2 receptor
and cognate ephrin-A1 ligand are expressed in RIP-Tag?2
murine pancreatic islet tumor endothelium suggesting a
role for these proteins in cancer.?® In vitro phage display
identified two peptides, SWLAYPGAVSYR and YSAYP-
DSVPMMS, that mimic ephrin A-type ligands because
both peptides bind to immobilized EphA2-Fc protein and
to the EphA2 receptor expressed on human umbilical
vein endothelial cells and MDA-MB-435 cultured human
breast carcinoma cells.?*

We mapped the location of the CVSNPRWKC and
CHVLWSTRC peptides to the aligned primary structures
of murine ephrin-A2 and ephrin-A4, and human eph-
rin-A2 using DIALIGN 2.2.12% (Figure 2). Murine and hu-
man ephrin-A2 share 89% sequence identity, whereas
the murine ephrins A2 and A4 share 43% sequence
identity. Secondary structure predictions of the glyco-
sylphosphatidylinositol-linked A-type ephrins were ex-
trapolated from the crystal structures of the ephrin-B2
extracellular domain®® and the EphB2-ephrin-B2 com-
plex.?” Peptide CVSNPRWKC mapped to the murine

ephrin A2 N-terminus at amino acid residues 41 to 44 with
a conservative replacement of a Trp residue in the pep-
tide sequence for Phe45 in ephrin-A2. Structurally, the
SNPRW peptide sequence lies between the A’ and B
anti-parallel B-strands and appears to be well conserved
among the A-type ephrins from mice, rats, and hu-
mans.?®27 In addition, this sequence is C-terminal from a
putative glycosylation site at Asn38 that is analogous to
Asn39 in ephrins B2 and B3, and is conserved in ephrins
A1 A2, A4 and A5.2527 Asn38 has been proposed to be
involved in a weaker affinity ligand-receptor tetrameriza-
tion interface.?® Peptide CHVLWSTRC mapped to the
unstructured C-terminus of murine ephrinA2 at residues
202 to 205. The VLWS peptide sequence also mapped to
the signal sequence of murine ephrin-A4 at positions 10
to 12, and showed a weaker sequence identity in the D
B-strand at positions 78 to 81.

We verified CVSNPRWKC and CHVLWSTRC phage
binding to the C57BL/6 pancreatic islet vasculature by
immunohistochemistry (Figure 3). Intravenously injected
CVSNPRWKC phage (Figure 3A), and CHVLWSTRC
phage (Figure 3B) localized predominantly to normal
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Table 1. Peptide Sequences Expressed by Phage Recovered from Pancreatic Islet Sections
Islet-homing Colonies
peptide recovered by Colonies recovered Murine protein sharing complete/ SWISSPROT
sequence” K91 infection by PCR/subcloning partial sequence identity accession number
CVSNPRWKC 1 0 Ephrin-A2, Ephrin-A4 P52801, 008542
CQHTSGRGC 1 0 S-laminin B2 chain Q61292
CRARGWLLC 1 0 a3 integrin Q62470
CGGVHALRC 1 0 PDGF receptor B P05622
CFNRTWIGC 1 0 Frizzled-1 070421
CSRGPAWGC 1 0 Bone morphogenetic protein 3b P97737
CVPRRWDVC 2 0 S-laminin B2 chain Q61292
CWSRGQGGC 0 21 Endothelin-1 receptor Q61614
CHVLWSTRC 0 11 Ephrin-A2, Eprhrin-A4 P52801, 008542
CLGLLMAGC 0 11 VE-cadherin P55284
CMSSPGVAC 0 9 Insulin receptor substrate 1 P35569
CLASGMDAC 0 8 Tumor necrosis factor-« P06804
CHDERTGRC 0 6 Angio-associated migratory protein Q8K2C1
CAHHALMEC 0 5 Adiponectin receptor 1, 2 Q91VH1,
Q8BQS5
CMQGAATSC 0 4 Grb10 Q60760
CVRDLLTGC 0 3 a4 integrin Q00651
CMQGARTSC 0 1 a2C-adrenergic receptor Q01337
CGGLVAVGC 0 1 B7 integrin P26011

*Amino acid residues in bold share sequence identity, including conservative replacements, to the listed murine proteins.

pancreatic islet blood vessels, whereas the insertless
control phage, fd-tet, did not bind to either the acinar or
islet vasculature (Figure 3C).

Because unregulated overexpression of proteins is a
common feature in tumors,?® we wanted to determine
whether localization of the islet homing peptide-phage,
CVSNPRWKC and CHVLWSTRC, was increased in an-
giogenic tumor blood vessels. We compared the binding
of CVSNPRWKC and CHVLWSTRC phage to the negative
control phage, fd-tet, in pancreatic islet tumors from RIP-
Tag?2 transgenic mice'® (Figure 4). Insertless fd-tet
phage neither accumulated in islet tumor blood vessels
nor in blood vessels of the surrounding normal acinar

pancreas (Figure 4, A and B). Conversely, CHVLWSTRC
phage were abundant in tumor blood vessels that were
delineated by phage immunoreactivity (Figure 4, C and
D; encircled large tumor). Binding of CHVLWSTRC
phage was reduced in blood vessels of a smaller prema-
lignant angiogenic islet (Figure 4C, encircled right islet;
and Figure 4D, arrow), whereas phage binding was ab-
sent in acinar blood vessels (Figure 4, C and D; asterisk).
Similarly, CVSNPRWKC phage immunoreactivity was ro-
bust in blood vessels of large islet tumor with insignificant
phage immunoreactivity in acinar blood vessels (Figure
4E). CVSNPRWKC or CHVLWSTRC phage did not bind to
blood vessels of the brain, lung, or mesenteric lymph

Predicted Secondary Structure |al  |a"]
Peptide 1 CVSNPRWKC
Mm ephrin-A2 1 MAPAQRPLLP LLLLLLPLr- ---ARNEDPA RANADRYAVY SNP \4
Hs ephrin-A2 1 MAPAQRPLLP LLLLLLPLpp ppfARAEDAA RANSDRYAVY SNPREha
Mm ephrin-A4 1 mr----- LLP LLRTVLwaal lgsrlpgcss l----RHPIY SSNPR11lr
_____ T I——— | -—-C—- |————D——| . Figure 2. Mapping peptide sequences to mu-
: rine ephrin A2 and A4, and human ephrin A2.
Mm ephrin-A2 47 savgDGGGYT VEVSINDYLD I HYGAPL PPAERMERYI LYMVNGEGHA o A L N . N
Hs ephrin-A2 51 gagdDGGGYT VEVSINDYLD IY@PHYGAPL PPAERMEHYV LYMVNGEGHA  CaPitalized amino acid residues of the aligned
Mm ephrin-Ad4 42 gdav----—- VELGFNDYLD IFPHYESPG PP-EGPETFA LyMjDfiicye  CPhrin scquences delincate identical or conser-
vative replacements. Four conserved cysteine
residues are shown in green. Blue-highlighted
E=E=) === == 1‘esidu_es are glyg_‘()sylphosphat.idylinf)sitol—an—
Mm ephrin-A2 97 SEDHRORGFK -RWE@NRPAA PGGPLKFSEK FQLFTPFSLG FEFRPGHEYY 1" e OI‘VC’,}}‘lghll‘gf“?‘} BN ac‘ds‘,ci’”e’
Hs ephrin-A2 101 SEDHRORGFK -RWEENRPAA PGGPLKFSEK FQLFTPFSLG FEFRPGHEYY  -Don< 10 POICHI gycosyared Asfhrej;(“es'
Mm ephrin-Ad 85 taeganaf QRWNESMPFA PFSPVRFSEK IQRYTPFPLG FEFLPGETYY € predicted secondary structure of the A-type
ephrins shows the sequence of the B-strands
(gray) and two a-helices (magenta) that were
= . extrapolated from the crystallographic structure
to ephein-sz 146 visaremny papRYY RoTETLYE - SRt e o
Hs ephrin-A2 150 YISATPPNAV DRP@LRLKVY VRPTNETLYE - - the CVSNPRWKC and CHVLWSTRC peptides
Mm ephrin-A4 135 YISVPTPESP GR-@LRLQVS Vcckesgssh esahpvgspg eflgtsgwrgg and ephrin A2 and A4 are highlighted in yellow
whereas conserved residues are shown in red.
. Weaker sequence identities of the CHVLWSTRC
Peptide . 2 CHEEE TRC peptide to murine ephrin A4 are highlighted in
Mm ephrin-A2 176 -APEPIFTSl SSCSGLGGCH LFLTTVPVLWSLLGS pink. Sequences from various species are ab-
Hs ephrin-A2 180 -APEPIFTSH NSCSSPGGCR LFLSTIPVLWELLGS breviated as follows: Mm, Mus musculus, Hs
Mm ephrin-A4 184 hAPSPL-—-- ———————— CL LLLLLLPfLrllrvl ' o

Homo sapiens.
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Figure 3. Distribution of CVSNPRWKC and CHVLWSTRC phage in wild-type islet blood vessels. CVSNPRWKC phage (A, red) and CHVLWSTRC phage (B, red)
localize to C57BL/6 islet blood vessels immunostained with CD31 (green) whereas insertless fd-tet phage (C, red) do not. Scale bar: 53 wm (A, C); 27 um (B).

nodes, whereas the liver and spleen contained both pep-
tide-expressing phage and fd-tet phage as expected
(data not shown).%'®

The distribution of CHVLWSTRC and CVSNPRWKC
phage was also evaluated in smaller, hyperplastic angio-
genic RIP-Tag? islets (Figure 5). CHVLWSTRC phage
localized to angiogenic blood vessels in hyperplastic
islets, however the distribution of phage immunoreactivity
was negative in some islet blood vessels (Figure 5, A and
B; arrows). Similarly, binding of CVSNPRWKC phage to
blood vessels in a hyperplastic islet was sporadic (Figure
5C), considerably less than that found in tumor blood
vessels (compare Figure 5C with Figure 4, C and D, large
tumor), and consistent with the amount of CVSNPRWKC
phage found in a smaller premalignant angiogenic islet
(compare Figure 5C with Figure 4, C and D, small islet).

Because the CHVLWSTRC and CVSNPRWKC se-
quences mapped to the primary structure of ephrin A2
and A4, we chose to investigate the expression of the
EphA4 receptor in normal and RIP-Tag2 islet blood ves-
sels (Figure 6). Our rationale to evaluate the EphA4 re-
ceptor in pancreatic islets was twofold. First, both A- and
B-type ephrin ligands and receptors are present and
exhibit functional roles in blood vessels. Second, the
EphA4 receptor is the only Eph receptor that binds to
both ephrin A- and B-type ligands.®*° Although injected
control goat IgG did not bind to normal C57BL/6 islet
blood vessels (Figure 6, A and B), injected EphA4 anti-
bodies bound to the islet vasculature and to arterioles in
the acinar pancreas (Figure 6, C and D; arrows). Immu-
noreactivity of EphA4 antibodies was greater in RIP-Tag2
islet tumor blood vessels (Figure 6E), but did not bind to

resident arterioles in the RIP-Tag2 acinar pancreas (data
not shown). Expression of the EphA4 receptor was also
negative in the liver, spleen, lungs and mesenteric lymph
nodes (data not shown).

Discussion

In the study described here, we have identified unique
peptide ligands that were isolated from wild-type murine
pancreatic islet blood vessels by using in vivo phage
display in combination with fluorescence LPCM. Evi-
dence that CVSNPRWKC and CHVLWSTRC phage
homed preferentially to blood vessels in normal islets with
increased binding to angiogenic blood vessels of solid
islet tumors was shown by immunohistochemistry to be
mediated by the peptide insert sequences. Increased
accumulation of CVSNPRWKC and CHVLWSTRC phage
in tumor blood vessels than in premalignant angiogenic
islets and normal islets suggests increased expression of
the cognate receptor in the tumor vasculature. The two-
peptide sequences, CVSNPRWKC and CHVLWSTRC,
demonstrate partial sequence identity with ephrin-A2 and
ephrin-A4, and suggest an EphA-type receptor to be the
putative receptor candidate. Similarity of the EphA4 re-
ceptor expression patterns in blood vessels of wild-type
and tumor islets to that observed for the CVSNPRWKC
and CHVLWSTRC phage suggests EphA4 may be the
binding receptor.

The expression of EphA-type receptors and ligands in
pancreatic islet tumor angiogenesis is consistent with the
overexpression of EphA2 in melanoma cell lines,®" and

Figure 4. Immunoreactivity of fd-tet, CVSNPRWKC, and CHVLWSTRC phage in islet tumor blood vessels from RIP-Tag2 transgenic mice. A and B: CD31-
immunoreactive blood vessels (green) do not show the insertless control, fd-tet phage (red) in either the blood vessels of the islet tumor (encircled in A) or
surrounding acinar pancreas. C and D: Blood vessels in a large islet tumor (C, encircled large tumor) show significant amounts of CHVLWSTRC phage
immunoreactivity (D, red), whereas CHVLWSTRC phage immunoreactivity is less in a small premalignant angiogenic islet (C, encircled small islet; D, arrow). In
contrast, CHVLWSTRC phage do not bind to acinar pancreas blood vessels (asterisk). E: A large RIP-Tag2 islet tumor shows that the blood vessels (CD31, green)
contain significant amounts of CVSNPRWKC phage immunoreactivity (red). Scale bar, 140 um (A-D); 106 wm (E).
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¢ islets. A and B: CD31-immunoreactive blood vessels (green)
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malignant transformation of cultured MCF-10A mammary
epithelial cells.®® Activation of the EphA2 receptor has
been shown in tumor angiogenesis of RIP-Tag2 mice,
4T1 mouse mammary adenocarcinomas, and human
xenograft tumors in nude mice.?®24333% We tested the
binding of CVSNPRWKC and CHVLWSTRC phage to the
recombinant extracellular domain of the EphA4 receptor
using an enzyme-linked immunosorbent assay-based in
vitro binding assay. Islet-homing phage showed 2X
greater binding relative to fd-tet phage (data not shown),
despite the fact that the Eph receptor binding requires
receptor clustering.®® Structural analysis of Eph recep-
tors and their ligands proposes the SNPRW sequence to
be adjacent to a lower affinity site tetramer interface that
forms when two dimer receptor/ligand pairs form the
active tetramer complex.?® The expression of EphA4 an-
tibody in the arterioles of the normal acinar pancreas is
consistent with the arteriolar expression of ephrin B-type
ligands,?' and the ability of the EphA4 receptor to bind to
both ephrin A- and B-type ligands.®° The absence of the
islet-homing phage to the acinar pancreas arterioles may
reflect functional differences between ephrin A- and B-
type binding affinities.

Given the promiscuous binding of ephrin ligands to
Ephrin receptors and that the EphA2 receptor is ex-
pressed in the RIP-Tag2 tumor vasculature, >33 it is also
possible that the differential binding patterns of CVS-
NPRWKC and CHVLWSTRC phage in the normal versus
tumor vasculature reflects preferential binding of the islet-
homing phage for either the EphA2 or EphA4 receptor or
both receptors. In addition, because the peptide se-
quences exhibit sequence identity to different regions of
the ephrin A2 and A4 ligands, the binding affinities ex-
hibited by the two islet homing phage to a single EphA
receptor may also illustrate this difference. Formation of
new binding surfaces deduced by the Eph receptor-
ephrin crystal structure®®-2® may also account for differ-
ential binding of the two islet-homing phage by influenc-
ing the accessibility of multibinding domains of the
membrane-bound activated dimeric or tetrameric recep-
tor/ligand complex.

Our working hypothesis was that we would be able to
identify pancreatic islet homing phage however, given
the levels of vascular diversity, we also expected a frac-
tion of the peptides might indeed home to the pancreas
without discriminating between the blood vessels of the
islets and the acinar pancreas. LPCM on the acinar pan-
creas showed that ~95% of the peptides that were iso-
lated from the acinar pancreas were unique and not
found in the peptide sequences identified from microdis-
sected islet sections (V.J. Yao, unpublished results). In
contrast, ~84% of islet-targeting phage were unique to
the islet vasculature. These differences reflect the heter-
ogeneity of vascular proteins expressed in the two func-
tionally distinct regions of the pancreas. The two islet-
homing phage evaluated in this study clearly
demonstrate the intraorgan diversity of receptor expres-
sion in the pancreas by unequivocal binding to the islet
blood vessels.

Localization of CVSNPRWKC and CHVLWSTRC phage
to the islet vasculature is similar to binding of peptide

ligands to a membrane-bound receptor. Like other li-
gands binding to their cognate receptors, CVSNPRWKC
and CHVLWSTRC phage do not co-localize with the
CD31 receptor (PECAM-1), nor do we suggest that the
bound phage are internalized by the endothelial cells
during the short 6-minute in vivo circulation time. We have
always observed a punctate pattern for phage immuno-
reactivity in the mouse vasculature. We interpret this im-
munostaining pattern as peptide phage binding to recep-
tors on the luminal surface of endothelial cells. Optical
sectioning by confocal microscopy illustrates the detailed
localization of peptide phage immunofluorescence in
normal and tumor blood vessels (Figures 3 and 4E, re-
spectively). The punctate pattern of phage immunoreac-
tivity is unlike the smooth brushstroke-like quality of anti-
body immunoreactivity with the EphA4 antibody (Figure
6E). Whether each fluorescent dot represents 1, 10, or
100 phage particles is beyond the scope of our study.

Peptide sequences isolated by either bacterial infec-
tion or PCR amplification of catapulted wild-type islet
sections indicates three rounds of panning were suffi-
cient for selection of islet targeting phage. The paucity of
infective phage from catapulted islet sections suggests
the isolation of islet-homing phage from whole pancreas
homogenates may be technically challenging. Our re-
sults also suggest that recovery of phage DNA may be
possible from fixed stained tissues.

Recently, another group reported using in vivo phage
display in RIP-Tag2 mice to isolate peptides that home to
angiogenic tumor blood vessels or pericytes, or to both in
premalignant hyperplastic islets and islet tumors.3¢ De-
tailed comparison of the similarities and differences be-
tween the approaches used in this earlier study and our
work is worthwhile. In the study by Joyce and col-
leagues,®® in vivo phage display using a CX,C peptide
library expressed on T7 phage identified a number of
linear peptides. The T7 cyclic peptide phage library was
precleared twice for 12 hours each on collagenase-di-
gested RIP-Tag?2 angiogenic islets before two to three in
vivo panning rounds in RIP-Tag2 mice. In lieu of showing
the distribution of injected homing phage in the islet
vasculature, the authors showed the distribution of in-
jected FITC-conjugates of their recovered peptides
bound to both endothelial cells and/or pericytes of pre-
malignant and/or solid tumors. Although cyclic peptide
sequences were fused to the C-terminus of the T7 phage
major coat protein, all of the reported peptide sequences
were linear. Whether this resulted from fortuitous stop
codons as the authors stated or recombination events
with the bacterial host during phage amplification is
ambiguous.

We used a CX,C peptide library inserted near the
N-terminus of the plll minor coat protein in fd bacterio-
phage,’® and isolated cyclic islet-targeting peptide
phage from the normal pancreas after three rounds of in
vivo biopanning by LPCM. Unlike linear peptides, cyclic
peptides show increased binding affinities presumably
because of a constrained secondary structure that ac-
commodates conformational access to active binding
sites.®” Two islet-homing phage recovered from normal
islet sections by LPCM in round 3 localized to blood



vessels of normal islets and islet tumors. We did not have,
a priori, a select subset of receptors from which we
sought peptide ligands. The identification of two ephrin
A-type ligands by using a combination of in vivo phage
display/LPCM and corroboration of this information with
emerging studies from other laboratories clearly demon-
strates an important proof of principle.

As tumor blood vessels are inherently leaky,3® some fd
phage (diameter, 7 to 9 nm) would be expected to ex-
travasate. However, the close association of CVS-
NPRWKC and CHVLWSTRC phage with CD31 immuno-
reactivity of endothelial cells indicated that most of the
cognate receptor was expressed on endothelial cells and
that any extravasated phage remained close to the ves-
sel wall for at least 6 minutes after injection. No immuno-
reactivity for CVSNPRWKC or CHVLWSTRC phage co-
localized with pancreatic islet cells and neither phage
bound to B-cells isolated from normal islets (R. Giordano,
unpublished results) using the BRASIL method.>® Also,
the rapid attachment and generally uniform distribution of
CVSNPRWKC and CHVLWSTRC phage fit with binding to
the luminal surface of endothelial cells and differed from
the patchy leakiness of blood vessels in RIP-Tag2
tumors.

The distribution of CVSNPRWKC or CHVLWSTRC
phage in blood vessels of RIP-Tag2 tumors differed in
some ways from that of the tumor-homing phage,
RGD-4C and NGR.*°~*3 Although most of RGD-4C and
NGR phage bind to the luminal surface of endothelial
cells, some phage co-localize with pericytes (mural
cells)* or leukocytes in focal regions (V. Yao, unpub-
lished results). Although leakage of T7 phage from the
vasculature of RIP-Tag2 tumors has not been directly
addressed, other studies have shown that, after intrave-
nous injection, 50-nm fluorescent microspheres, which
are approximately the size of the T7 capsid head, extrav-
asate from focal regions of blood vessels in RIP-Tag2
tumors and remain close to vessel walls (T. Nakahara,
unpublished results). Leakage of peptide ligands bound
to either fd and T7 bacteriophage may reflect differences
between using wild-type or transgenic mice in the original
screening assay, and may also be a function of inherent
parameters and engineered peptides that induce
changes in the net electrostatic charge and effect spe-
cific receptor/ligand binding affinities, respectively.

Comparison of the vasculature-associated proteins
from our studies and those from Joyce and colleagues®®
revealed many different protein homologues as well as
several common homologous proteins, such as platelet-
derived growth factor-related proteins, basement mem-
brane proteins such as laminin and collagen, and endo-
thelial proteins such as endothelin-1 receptor, FGFR1,
and Tie-1. Although we elected to focus the validation
steps on a limited set of peptides, we have tested a few
of the other candidate ligands listed in Table 1 and found
they bound exclusively to the islet vasculature (data not
shown). As for the acinar binding peptides, we have not
pursued these here.

Although much clinical interest in pancreatic islets fo-
cuses on glucose homeostasis, the findings presented in
our study as well as others illustrate the diversity of islet-

Intravascular Diversity of the Pancreas 635
AJP February 2005, Vol. 166, No. 2

specific vascular targeting ligands that underlie the het-
erogeneity and biological specialization within the pan-
creas. Indeed, others have shown the expression of
proteins in the islet vasculature influence the develop-
ment of the pancreas.**~*” Furthermore, the function and
integrity of the pancreas may be maintained by islet cells
via their expression of enzymes that influence drug me-
tabolism and disease progression.*84°

The vascular heterogeneity that exists in the pancreas
is most likely to be recapitulated in other organs that have
anatomically distinct regions with functional specializa-
tion. Identification of novel peptide ligands by in vivo
phage display/LCPM that target vascular receptors within
a discrete functional domain in an organ presents novel
strategies for directed delivery of therapeutics, genes,
and molecular probes such as imaging agents for future
clinical applications. Detailed understanding of specific
cellular targets and properties of targeting peptides may
lead to broad spectrum therapies that simultaneously
challenge endothelial cells, perivascular cells, and/or tumor
cells. A number of recent reports®>>" and clinical trials are
exploring these types of combinatorial therapies.
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