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1. INTRODUCTION

The goal of this project was to identify peptides that selectively recognize breast cancer
vessels that remain after anti-angiogenic treatment. Like all other tissues, cancerous
tumors need a blood supply. To obtain blood supply, a tumor stimulates the growth of
new blood vessels in a process known as angiogenesis. Preventing tumor angiogenesis
has become a promising new form of cancer therapy, including that of breast cancer.
However, researchers have found that such therapy preferentially destroys the
immature tumor vessels, and leaves behind the more established vessels. These
remaining vessels can keep providing the tumor with a blood supply. We are using in
vivo phage display to target vessels that remain after anti-angiogenic therapy. Markers
of such vessels will be useful in developing strategies for complete destruction of breast
cancer vasculature, and in assessing the potential of anti-angiogenic therapy in
individual patients.

2. PROGRESS REPORT
Summary

We developed three tumor models under this project: 4T1 mouse breast cancer and
MDA-MB-435 human cancer xenograft tumors treated with anti-nucleolin, and 4T1
tumors treated with the kinase inhibitor, axitinib. We performed phage screening with
these tumors using random peptide libraries and libraries of our previously isolated
homing peptides. The latter approach was highly successful; we identified several
peptides that effectively home to the treated tumors. In one case, the treatment
increased the expression of the receptor for the peptide. This panel of peptides can
now be used to design compounds that target the residual tumor after anti-angiogenic
therapy.

Detailed report

Task 1. To develop two tumor models for anti-angiogenic therapy and subsequent
phage library screening.

As originally proposed, we generated tumors with “normalized” vasculature by treating
tumor-bearing mice with anti-nucleolin antibodies. The target tumor was 4T1 mouse
breast cancer, and we also treated MDA-MB-435 human cancer xenograft tumors for
comparison.

We originally proposed as MDA-MB-435 tumor treated with anti-VEGF as the second
model, but changed the tumor type to 4T1 and used the kinase inhibitor axitinib for the
treatment. The cell line change was prompted by studies that question the origin of the
MDA-MB-435 cells as a breast cancer line. We switched to axitinib because Merck was
interested in a collaboration, and we obtained a large supply of axitinib as a gift. Axitinb
is in clinical trial, so the model is clearly relevant to the treatment of human cancer.



Data supportive of the normalization of tumor vessels as a result of anti-nucleolin
treatment were provided in the 2007 annual report. We showed that the vessels
remaining after the antibody treatment contain a pericyte coat, vessel architecture is
normal, the diameter of the vessels is smaller (dilated, abnormal vessels are gone), a
basement membrane is present, and tumor hypoxia is reduced. The changes in tumor
vessels caused by axitinib have been characterized and published by others (Inai et al.
2004) and our results closely parallel theirs. An example of the abundance and
morphology of blood vessels in treated and control tumors is shown in Figure 1.

‘ \ % ,}‘—’f--‘:' A B
g % . :
\_
. o N d
I3 w
¥ y ; s
“
~
! ; 5
2 i )
b 57
= S ¥ =

RY

Y - LA

Fig. 1. Histological analysis of blood vessels in 4T1 tumors treated (A) with axitinib (25 mg/kg, daily
intravenous injections for 7 days) or vehicle only (B). Note the CD31 staining pattern from deteriorated
blood vessels in treated tumors (A).

Task 2. To screen phage libraries for peptides that specifically recognize vessels in
tumors treated with anti-angiogenic therapy.

We experimented with a number of screening protocols in each tumor model. We
screened both entirely random libraries and libraries composed of our previously
identified tumor-homing peptides. We used both our standard ex vivo/in vivo screening
protocols and we also devised a new ex vivo screening protocol, in which we used



tumor mice that had not been treated with anti-angiogenic agents. In this new protocol,
we injected the mice with a phage library, perfused the mice to remove phage remaining
in the circulation, collected the tumor, and isolated endothelial cells using an anti-CD31
antibody. We had used this procedure in our earlier phage work (e.g. Zhang et al.,
2006). The new aspect was that we next removed those endothelial cells that come
from the poorly developed (angiogenic) vessels, and then rescued the phage that had
bound to (or become internalized by) the well-formed (mature) blood vessels. The logic
was that these vessels would have remained after an anti-angiogenic treatment as the
‘normalized” vessels. We experimented with both anti-nucleolin and anti-integrin
antibodies to remove the endothelial cells (and phage associated with them) that came
from poorly formed vessels. The a581 and avp3 integrins, which are highly expressed
in tumor vessels, have been reported to be lost as a result of anti-angiogenic treatment
(Yao et al. 2006). We had hoped that this procedure would greatly speed up and
simplify the peptide identification, but ultimately the investment we made into this new
screening method and the use of random libraries did not pan out. The successful
approach turned out to be screening the libraries of previously identified peptides.

We made the homing peptide library using peptides from various sources and kept
updating it as new peptides emerged. A total of about 40 peptides were screened. We
used a format we have named “play off’, where the peptides are identified and
quantified by sequencing the phage inserts from the original pool (to obtain the ratios of
the various phage in the input sample) and from the target (to see which phage had
become enriched in the target tumor). This method gave us several candidates from
each of the tumor models, that were then tested individually as phage and as synthetic
peptides. Figure 2 shows the results of a play off screen with axitinib-treated 4T1
tumors.
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Fig. 2. A “play off” screen of a phage library composed of known tumor-homing peptides. The target was
a 4T1 tumor from an axitinib-treated mouse or control-treated mouse. Peptides CKAAKNK and
CRKDKGC, and possibly CDCRGDCFC homed to the treated tumor (A) more than to the control tumor (B).



Task 3. To validate the specificity of the peptides isolated in the screening

We picked CKAAKNK, CRKDKC, and CGKRK as candidate peptides from the various
play off screens for further testing. As the RGD-containing peptide COCRGDCFC
showed some promise, we included in this play off winner panel a newly discovered
RGD peptide, CRGDKGPDC, which is a uniquely effective tumor-homing peptide that is
internalized into the target cells and has been dubbed iRGD (Sugahara et al., in
preparation). We also included CGNKRTRGC (LyP-1), although it did not score well in
the play off. We suspected that, because this homes to tumor lymphatics and tumor
cells, and not to blood vessels (Laakkonen et al., 2002; 2004), the play off format might
not have done its justice.

It was interesting that the CKAAKNK and CRKDKC peptides showed up as candidate
homing peptides for normalized vessels. CKAAKNK binds to tumor vessels in fully
developed pancreatic islet cell tumor, but does not recognize the angiogenic vessels of
premalignant lesions in this tumor model. Moreover, its localization in tumor vessels
overlapped with the pericyte marker, NG2 (Joyce et al., 2003). These properties agree
with the assumption that the peptide would preferentially recognize mature vessels.
The CRKDKC peptide was discovered in wound-homing screens and shown to prefer
the vessels at later stages of wound healing, again in agreement with a preference for
vessels that are somewhat mature.

The av integrins are the receptors for the RGD peptide, and it also binds to a cell
surface protein that is responsible for the internalization of this peptide. The receptor for
the LyP-1 peptide is a mitochondrial/cell surface protein known as p32 (Fogal et al.,
submitted). The receptors for the remaining peptides are not known.

We have confirmed the homing to treated tumors of the individual peptides in this panel.
These tests were performed at 3 levels: phage (Fig. 3), free synthetic peptide (Fig. 4),
and nanoparticles (Fig. 5). In each case, the homing to axitinib-treated 4T1 tumors was
confirmed.

iRGD phage LyP-1 phage KAA phage CRK phage CG,C phage (control)

Fig. 3. iRGD, LyP-1, KAAKNK (KAA), and CRKDKC (CRK) phage home to axitinib-treated 4T1 tumors.
Balb/c mice bearing 4T1 tumors were treated with axitinib for 8 days and intravenously injected with
peptide-displaying T7 phage. After 15 min of circulation, the mice were perfused with PBS containing 1%
BSA, and tissues were collected for immunofluorescent staining with anti-T7 phage (green) and anti-
CD31 (red).
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Fig. 4. iRGD, LyP-1, and CRKDKC peptides home to axitinib-treated 4T1 tumors. Balb/C mice bearing
4T1 tumors that were treated with axitinib were injected i.v. through the tail vein with approximately 150
mg of fluorescein-labeled iRGD (A), CRKDKC (B), LyP-1 (C) or a control peptide CG;C (D). After 2 hours
of circulation, the mice were perfused with PBS containing 1% BSA and organs of interest were
harvested. Pictures of the organs taken under a fluorescent light table (upper panels) and corresponding
bright field images (lower panels) are shown.

iIRGD nanoworms LyP-1 nanoworms Control nanoworms

Fig. 5. iRGD and LyP-1 iron oxide nanoparicles home to axitinib-treated 4T1 tumors. Balb/C mice
bearing 4T1 tumors twere treated with axitinib for 8 days and then intravenously injected with fluorescein-
labeled iRGD, LyP-1, or control nanoworms (Park et al., 2008). The mice were pre-injected with nickel
liposomes that prevent uptake of the nanoparticles by the liver (Simberg et al., 2007). After 5 hrs of
circulation, the mice were perfused with Cy5-tomato lectin (magenta) to label patent blood vessels,
followed by 4% paraformaldehyde and PBS, and tissues were collected for immunofluorescence studies.
Images taken with a confocal microscope are shown. Note that iRGD-nanoworms target tumor blood
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vessels and spread into the tumor tissue, whereas LyP-1 does not associate with blood vessels. Nuclei
were stained with DAPI (blue).

The level of homing remains to be quantified, but visual inspection indicated the order:
iRGD > Lyp-1 > CKAAKNK > CRKDKC (refer to Fig. 3). The iRGD and LyP-1 peptides,
and their payload, effectively spread into the tumor tissue. The other peptides did less
so. As expected from their target cell specificity, the peptides mostly concentrated
around blood vessels, except that LyP-1 accumulated in areas that were positive for its
receptor, p32, and for the lymphatic/myeloid marker podoplanin, but were low in blood
vessels. Thus, this panel of peptides allows one to target different areas within tumors
(Fig. 6). As the tumor specificity (lack of homing to normal tissues) of these peptides
has been extensively documented in previous studies (cited above), we have not
deemed it necessary to repeat those studies.

Figure 6. Homing of iRGD and LyP-1phage to axitinib-treated 4T1 tumors shows different patterns. Balb/C mice
bearing 4T1 tumors were treated with axitinib for 8 days and intravenously injected with iRGD (A) or LyP-1 (B) phage.
After 15 min of circulation, the mice were perfused with PBS containing 1% BSA, and tissues were collected and
stained with anti-T7 phage (green) and anti-CD31 (red). Note that iRGD is detected in the area surrounding the
blood vessels, whereas LyP-1 is widely dispersed and abundant in areas with few blood vessels.

The angiogenesis-related integrins have been reported to be lost in the vessels of
axitinib-treated tumors (Yao et al., 2006). We have not studied integrin expression in
the treated tumors, but iRGD also binds to a secondary receptor (the internalizing
receptor, Teesalu and Sugahara et al., manuscripts in preparation), and this may
sustain the tumor homing.

Interestingly, we found that p32, the LyP-1 receptor, is up-regulated in the treated
tumors (Fig. 7) and may therefore be particularly well suited for the targeting of the
residual tumor tissue that remains after axinitib therapy.
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Fig. 7. The receptor for LyP-1, p32, is overexpressed in axitinib-treated 4T1 tumors. Five um-thick cryosections of
vehicle-treated (A) and axitinib-treated (B) 4T1 tumors were stained with anti-p32 (green) and anti-CD31 (red). Three
tumors from each group were analyzed and images from 5 random fields per tumor were quantified for green
fluorescence (p32) using the Image J software (C).

Some additional characterization of the peptides that we did not have time to perform
under this grant will be necessary before publication: tumors that have been treated with
anti-angiogenic therapies other than the ones used here need to be studied. Anti-VEGF
treatment is obviously a high priority, because this drug is in clinical use (although not in
breast cancer). We were previously deterred by the high cost of the antibody, but that
should not be a problem now that we can focus only on a few peptides. Tumors other
than the ones used here should be treated and studied. We already know that the LyP-
1 peptide does not home to all tumors; fortunately breast cancers are the tumor type
most likely to express the p32 receptor (18 out of 20 human clinical breast cancers were
significantly positive for p32 expression, one had a trace, and one was negative; Fogal
et al., submitted). CKAAKNK is also likely to be tumor-type specific (Joyce et al., 2003).
More detailed quantification of the results will also be needed. These studies will be
carried out under a DoD Innovator grant to the PI that is now being processed for
funding.



3. KEY RESEARCH ACCOMPLISHMENTS

We have identified a panel of peptides that home to the vasculature of tumors of
animals that have received anti-angiogenic therapy, but do not recognize normal blood
vessels. In some cases, the treated tumors are recognized more robustly than untreated
tumors. Pending some additional work, these results will be prepared for publication in
the near future.

4. REPORTABLE OUTCOMES

Burnham Institute has filed patent applications of the peptides described in this report,
and on their receptors, when known:

Methods and compositions for targeting gC1qR/p32; Filed: 07/12/2007; Legal Ref.
No. 06-054-03PCT; Serial No. PCTUS2007/073372

Methods and Compositions Related to Internalizing RGD Peptides; Filed
01/18/2008; Legal Ref. No. 08-009-02PR; Serial No. 61/022,131 Prov. Applic.).

These new results will be added to the next version of these applications.

In addition, we have helped Dr. Pirjo Laakkonen (a former postdoc) in Helsinki with a
project that relates to the theme of this grant. She has used in vivo phage screening to
identify a peptide that recognizes co-opted blood vessels in a glioma model. A patent
application, in which the Burnham Institute will be one of the assignees, is being
prepared on this peptide:

Peptides That Home to Tumor Lymphatic Vasculature and Methods of Using
Same: Filed 02/27/2007; Legal Ref. #02-006-07DIV; Serial No. 11/712,0434.

5. CONCLUSIONS

We have successfully completed the main goal of this grant, identifying peptides that
recognize the vasculature of breast cancer tumors treated with anti-angiogenic therapy.
These peptides may be useful for targeting additional therapies to the residual tumor
tissue that remains after treatment with anti-angiogenic compounds.
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Summary

Phage display was used to identify homing peptides for blood vessels in a mouse model of HPV16-induced epidermal
carcinogenesis. One peptide, CSRPRRSEC, recognized the neovasculature in dysplastic skin but not in carcinomas. Two
other peptides, with the sequences CGKRK and CDTRL, preferentially homed to neovasculature in tumors and, to a lesser
extent, premalignant dysplasias. The peptides did not home to vessels in normal skin, other normal organs, or the stages
in pancreatic islet carcinogenesis in another mouse model. The CGKRK peptide may recognize heparan sulfates in tumor
vessels. The dysplasia-homing peptide is identical to a loop in kallikrein-9 and may bind a kallikrein inhibitor or substrate.
Thus, characteristics of the angiogenic vasculature distinguish premalignant and malignant stages of skin tumorigenesis.

Introduction

Tumorigenesis is a multistage process that involves multiple
cell types (Hanahan and Weinberg, 2000). One contributory cell
type is the tumor endothelia that line blood and lymphatic ves-
sels (Ruoslahti, 2002). These cells form a tumor’s prerequisite
blood vascular system during angiogenesis and also line the
two routes used by tumor cells to metastasize. Angiogenesis
is already apparent in the premalignant lesions of human tumors
and transgenic mouse tumor models (Hanahan and Folkman,
1996). The new blood vessels in neoplasias are often structurally
and functionally abnormal (Carmeliet and Jain, 2000; Pasqualini
et al., 2002) and may be at different stages of normal maturation
during physiological angiogenesis (Gee et al., 2003).

The K14-HPV16 transgenic tumor model expresses human
papillomavirus type 16 (HPV16) oncogenes under control of the
keratin-14 (K14) promoter. These mice express the HPV16 E6
and E7 oncogenes in the basal cells of their squamous epithelia

(Arbeit et al., 1994); in the FVB/n strain background, they sponta-
neously develop epidermal squamous cell cancers (SCC) in a
multistage fashion (Coussens et al., 1996). Their skin appears
normal at birth but becomes hyperplastic within the first month,
and focal dysplasias develop between 3 and 6 months of age.
These focal dysplasias are angiogenic and by one year, these
lesions develop into invasive SCCs in about half of the mice.
Progression is accompanied by the upregulation of pro-angio-
genic factors such as VEGF (Smith-McCune et al., 1997) and
bFGF (Arbeit et al., 1996), and the model has called attention
to the involvement of proteases from inflammatory mast cells
(Coussens et al., 1999) and other bone marrow-derived cells
(neutrophils and macrophages) in angiogenesis and tumor pro-
gression (Coussens et al., 2000).

Invivo phage display has revealed peptides that target tumor
endothelial cells (Arap et al., 1998) or tumor pericytes (Burg et
al., 1999). A combination of in vivo and ex vivo phage display
(Hoffman et al., 2004) has further expanded the discriminatory

SIGNIFICANCE

Antiangiogenic therapies for the treatment of cancers have the promise of high efficacy and low toxicity. The complex responses
to antiangiogenic therapy likely reflect our incomplete understanding of the alterations that blood vessels experience during tumor
development and of how tumor types might molecularly differ in their neovascular parameters. We have discovered peptides that
differentially recognize blood vessels at distinctive stages of tumor progression in squamous carcinogenesis, predicting neovascular
heterogeneity between premalignant and malignant stages. These peptides present a means to define molecular determinants
relevant to the varying responses to antiangiogenic therapies and could serve as vehicles for targeting imaging agents and therapeu-
tics to tumor blood vessels in a tumor type- and stage-specific manner.
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power of that methodology, yielding peptides that recognize a
shared cell surface specificity among tumor blood vessels, tu-
mor cells, and bone marrow cells (Porkka et al., 2002) or tumor
lymphatic endothelium and tumor cells (Laakkonen et al., 2002).

The goal of the present study was to evaluate the molecular
changes that occur in blood vessels as they develop from angio-
genic vessels in dysplasias to tumor blood vessels. Our aim to
compare the vasculature in premalignant and malignant lesions
was motivated in part by studies in another mouse model (RIP-
Tag) demonstrating that the efficacy of certain angiogenesis
inhibitors varied as a function of stage: several inhibitors were
most effective against angiogenic dysplasias (progenitors),
whereas other compounds were more effective against later
stages (Bergers et al., 1999, 2003). Thus the premalignant (and
nascent tumor) vasculature may have distinctive qualities as
compared to those of the mature tumor vasculature. Indeed, this
study supports that proposition. Herein we isolate and describe
three peptides in depth that home via the circulation to the
neovasculature. One recognizes a binding moiety that is prefer-
entially expressed in skin dysplasias, but is low or absent in
tumors and in normal vasculature. Two other peptides homed
to tumors and to a lesser extent to dysplastic skin vasculature
of tumor-bearing mice. All three peptides variably home to other
tumor types growing in or under the skin, but none recognize
the vasculature of angiogenic dysplasias or tumors in the RIP-
Tag transgenic mouse model of pancreatic islet carcinoma.
These results, and those reported in the accompanying paper
(Joyce et al., 2003 [this issue of Cancer Cell]) that similarly
profiles the vasculature in the RIP-Tag model, show that the
vessels of premalignant and fully malignant lesions are distin-
guishable and that different tumors express distinct repertoires
of molecular markers in their vasculature.

Results

Selecting phage that home to dysplastic skin

We used a previously described library of T7 bacteriophage
that display on their surface 9-mer cyclic peptides with seven
degenerate positions (CX;C) (Laakkonen et al., 2002). To isolate
peptides specific for dysplasia, we performed two rounds of
selection ex vivo and one round in vivo. For the ex vivo rounds,
we incubated the phage with dispersed cells from dysplastic
skin removed from the ears and chest of K14-HPV16 mice at
4-6 months of age. The biopsied lesions typically included a
focal region of epidermal dysplasia flanked by adjacent hyper-
plastic epidermis, along with the underlying reactive stromal
elements and angiogenic endothelium in the aberrant dermis.
A portion of each tissue biopsy used for ex vivo or subsequent
in vivo rounds of phage selection was fixed in formalin and,
after conventional processing, examined histologically to assess
the neoplastic grade. H&E-stained paraffin sections confirmed
that the areas of skin used in these selection steps were largely
comprised of focal dysplasias (data not shown). The sequential
ex vivo selections on cell suspensions of dysplastic skin resulted
in a 160-fold enrichment of phage relative to similar treatment
with nonrecombinant phage that lack displayed peptides (Figure
1A, left); a greater than 10,000-fold enrichment resulted from
the subsequent in vivo round (Figure 1A, right). Selection in vivo
also produced a minor enrichment of phage that homed to
the control tissues: brain, kidney, and hyperplastic skin. We
performed DNA sequence analysis of 48 clones isolated in the

second ex vivo round and 48 clones from the subsequent in
vivo round (data not shown) to identify the CX;C peptides that
had been selected. Nine peptides that appeared most frequently
amongst the 96 phage display clones analyzed were chosen
for further examination.

To test the homing specificity of these peptide sequences,
we intravenously injected purified phage displaying a particular
sequence into K14-HPV16 mice bearing protuberant tumors or
alternatively presenting with multifocal dysplasias but no tu-
mors. Both neoplastic tissues and normal control organs were
collected and assayed for accumulation of phage. Phage dis-
playing the peptide CRAKSKVAC, which appeared with the
highest frequency in both the ex vivo (5 times) and in vivo
sequence pools (15 times), were 1500-fold enriched in dysplas-
tic skin relative to nonrecombinant control phage (data not
shown). However, phage displaying this peptide accumulated
with similar frequencies in skin, kidney, and brain (data not
shown), indicating that the CRAKSKVAC sequence homes to
an abundant signal in each of these organs and is not specific
to the skin lesions of interest here. Six other of the dysplasia-
selected clones also differentiated poorly between the control
tissues and dysplastic skin in these tests. Altogether, 7 of the
9 dysplasia phage clones appeared to be responsible for the
overall enrichment of the pool in the control tissues observed in
the final in vivo round (Figure 1A, right) and were not considered
suitable candidates for further study. The insert sequences in the
two remaining phage clones were found to be highly selective for
dysplastic skin and did not appreciably home to normal organs.
One of these peptides, CNRRTKAGC, is closely related to a
previously described peptide that homes to tumor lymphatic
vessels (Laakkonen et al., 2002) and was not further analyzed
here. The second dysplasia-homing peptide, CSRPRRSEC, was
novel in our experience; it appeared three times amongst the
48 phage sequenced from the in vivo round, along with two
variants: CSRPRRSVC and CSRPRRSWC that appeared one
time each. Phage displaying the CSRPRRSEC peptide were
enriched ~350-fold in dysplastic skin and did not significantly
accumulate in the control tissues (Figure 1C). When injected
into a K14-HPV16 mouse bearing an ear tumor as well as
multifocal skin dysplasias, the CSRPRRSEC phage effectively
homed to dysplastic chest skin and dysplastic ear skin, but
showed little homing to the tumor (Figure 1C). The peptide-
bearing phage did not home to the normal skin of FVB/n mice
in vivo (Figure 1C) and did not bind in ex vivo experiments to
the hyperplastic skin of 1- to 2-month-old K14-HPV16 mice
(data not shown). These results indicate that the CSRPRRSEC
peptide selectively homes to dysplastic lesions; we infer that
the CSRPRRSEC peptide binds to a molecule (a “receptor”)
that is present in skin dysplasias, but is essentially absent or
inaccessible via the circulation in normal skin or in SCCs.

Tumor-specific homing phage

To isolate phage that home to SCCs in K14-HPV16 mice, we
performed two rounds of ex vivo and two rounds of in vivo
selections on tumors histologically confirmed as squamous cell
carcinoma grades II-IV (Coussens et al., 1996). The enrichment
rose from 6-fold in the second ex vivo round to greater than
70-fold in the second in vivo round (the fourth sequential round
overall) (Figure 1B). Fifteen phage clones were selected for fur-
ther analysis based on their frequent appearance amongst 192
sequenced clones (48 from ex vivo round 2, 48 from in vivo round
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Figure 1. Phage-displayed peptides home to dysplastic skin lesions and fumors

Ex vivo and in vivo selections of phage for binding and homing to dysplastic skin lesions (A) or tumors (B).
C: In vivo homing of the CSRPRRSEC from the dysplastic skin screen to dysplastic skin lesions of a 4- to 6-month-old K14-HPV16 mouse (left) and to dysplastic

skin lesions and fumor of a 9- to 12-month-old K14-HPV16é mouse (right).

In vivo homing of CGKRK (D) and CDTRL (E) peptides from tumor screening to tumors and other tissues in K14-HPV 16 mice. Results from two different tumor-
bearing mice are shown for each peptide. The normal skin values shown in C-E are from parallel experiments in wild-type FVB/n mice.

1, and 96 from in vivo round 2) and their increased appearance in
the in vivo rounds. Of these, four clones with amino acid se-
quences CGKRK, CGTKRKC, CDTAVVEGL, and CDTRL bound
to a K14-HPV16 tumor-derived cell suspension ex vivo. Phage-
displayed CDTAVVEGL also homed in vivo 340-fold to tumors
(data not shown), but we had difficulties with the CDTAVVEGL
peptide in the subsequent steps, so we could not work further
with the peptide. The remaining three phage-displayed pep-
tides, CDTRL and the related CGKRK and CGTKRKC, were
analyzed in depth.

When intravenously injected into tumor-bearing K14-HPV16
mice, the CGKRK phage showed a marked preference for the
tumor, with an efficiency that varied from 80- to 1,000-fold
in two experiments. Some homing to dysplastic lesions was
observed in one of two experiments that showed an 80X enrich-
ment in the tumor (Figure 1D). Normal and hyperplastic skin
and various control organs also accumulated CGKRK phage
but at very low levels (Figure 1D and data not shown). Similar
analysis of the CDTRL phage revealed a variable preference for

SCCs and dysplastic lesions; in one experiment, the phage
accumulated more effectively in dysplastic lesions than in a
tumor, whereas the reverse was true in another experiment
(Figure 1E). This phage showed little affinity for hyperplastic
skin and no significant homing to normal skin from FVB/n mice
(Figure 1E). Thus, phage displaying this peptide were variably
selective for both dysplasias and squamous tumors of the epi-
dermis, indicative of lesional heterogeneity in the moiety to
which it binds. The squamous cancers that arise in the HPV16
model are heterogeneous, showing variations that can be
scored by classical grading schemes for squamous tumors
(Grades I-1V), as reported in Coussens et al. (1996); in addition,
distinctive sebaceous cell carcinomas arise. Furthermore, the
angiogenic dysplasias undergo morphological progression as
the lesions progress from hyperplasia to low to high grade dys-
plasia, and thus it would not be surprising if there was variability
in expression of certain binding moieties as a function of both
premaligant and malignant progression.
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Figure 2. Vascular localization of homing phage

K14-HPV16é mice with dysplastic skin lesions or tumors were intravenously injected with individual homing phage, the mice were sacrificed 10 min later, and
the phage were detected in fissue sections with rabbit anti-T7 phage (red; Alexa594). Blood vessels were stained with rat anti-mouse CD31 (green; Alexa488).
A: CSRPRRSEC-displaying phage colocalizes with CD31 in the dysplastic skin lesions of 4- to 6-month-old dysplastic mice. B-E: The tumor-homing KRK-
containing phage (B and D) and CDTRL (C and E) phage home to CD31-positive vessels in skin tumor (B and C) and dysplasia (D and E). Original

magnifications: X400 (A and E), X200 (B-D).

Intra-tissue localization of homing peptides

To begin characterizing the nature of the selectivity of the dys-
plasia- and tumor-homing peptides for these neoplastic lesions,
we sought to visualize their localization using histological proce-
dures. K14-HPV16 mice were intravenously injected with cloned
phage displaying a particular peptide or with the chemically
synthesized, fluorescein-labeled peptide. We first evaluated the
phage, intravenously injecting 4- to 6-month-old dysplasia-
bearing mice with the dysplasia-homing phage, presenting
CSRPRRSEC. In parallel, a set of 9- to 12-month-old tumor-
bearing mice were infused with one or the other of the tumor-
homing phage, CGTKRKC, CGKRK, or CDTRL. Various tissues
were collected from each mouse and subjected to double label
immunohistochemical staining, with an anti-T7 antibody to de-
tect phage and with an anti-CD31 antibody that marks the endo-
thelial cells of the vasculature. In each case, the phage coloca-
lized with CD31-positive endothelial cells in the target tissue:
CSRPRRSEC in dysplastic skin (Figure 2A) and CGKRK (Figure
2B) and CDTRL (Figure 2C) in tumors. The CGTKRKC phage
was also detected to a lesser extent in the dysplastic skin of a
tumor-bearing mouse (Figure 2D), and the positive vessels were
often around what appeared to be concentric, nested clusters
of keratinocytes, while the CDTRL phage was observed in large,
dilated vessels throughout the dysplastic and hyperplastic skin
(Figure 2E). Hematoxylin and eosin staining of serial sections
adjacent to those used to visualize phage localization facilitated
identification of the tissue structure to which the peptides were
binding (see Supplemental Figure S1 at http://www.cancercell.
org/cgi/content/full/4/5/383/DC1).

To further evaluate the homing specificity of the displayed
peptides, we similarly analyzed pure peptides outside the con-
text of the phage particles. We injected both younger dysplasia-
bearing and older tumor-bearing K14-HPV16 mice with each of
the fluorescein-labeled peptides. After 10 min, both normal and
neoplastic tissues were collected; tissue sections were prepared
and stained with antibodies to both CD31 and a second endo-
thelial marker, the cell-surface antigen MECAS32. Similar results
were obtained with the two antibodies; the data for MECA32
are shown. Localizations of the intravenously infused peptides
and the antibody were visualized by two-color fluorescence
microscopy. The fluorescein-labeled peptides colocalized with

MECARS?2 in their target neoplastic tissue after an intravenous
injection and were not detected in tissues where the corre-
sponding phage did not home. Fluorescein-CSRPRRSEC colo-
calized with MECAS32 in dysplastic skin vasculature from both
non-tumor-bearing (Figure 3A) and tumor-bearing mice (Figure
3D, inset); notably, the peptide was not detected within the
squamous tumor in the latter (Figure 3D), confirming its selectiv-
ity for the premalignant dysplastic vasculature. In contrast, the
fluorescein-labeled CGKRK (Figure 3B) and CDTRL (Figure 3C)
peptides were not detected in the dysplastic skin of younger
non-tumor-bearing mice but were primarily detected in tumor
vasculature (Figures 3E and 3F) and at lower levels in the dys-
plastic skin of these tumor-bearing mice (data not shown).
Again, H&E staining of serial sections guided morphological
evaluation of the binding patterns (see Supplemental Figure
S2 on Cancer Cell website). A fluorescein-conjugated control
peptide (NSSSVDK) did not home to any tissue. Taken together
with the immunolocalization analyses of phage homing, the pep-
tide localization data indicate that CGKRK and CDTRL home
specifically to blood vessels in SCCs and in the dysplastic foci
of tumor-bearing mice, but not to the vasculature of earlier stage
dysplasias in non-tumor-bearing mice.

Tumor type specificity of peptide homing

The peptides identified by their binding to endothelial cells in
skin dysplasias or skin tumors could in principle be selective
for neoplasias in this tissue, neoplasias of this cell type, or
neoplasias induced by these oncogenes or be general to neopla-
sias in various tissues and of various cell types and oncogenic
transformations. To begin investigating this question, we asked
whether the K14-HPV16 SCC-homing peptides, CGKRK and
CDTRL, would home to the endothelium in tumors that are of
different tissue origins and/or are resident in different anatomical
locations. To this end, we examined three subcutaneous tumors
arising from inoculated tumor cell lines, two other transgenic
mouse models of organ-specific tumorigenesis, and subcutane-
ously transplanted matrigel pellets embedded with VEGF and
bFGF. Each was assessed for selective binding to the neovascu-
lature of intravenously injected fluorescein-labeled peptides
(Figure 4; Supplemental Figure S3 on Cancer Cell website). We
observed distinctive homing specificities for the two peptides
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Figure 3. Fluorescein-labeled peptides colocalize with a vascular marker
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Fluorescein-labeled peptides were intravenously injected into mice with dysplastic skin lesions or tumors, the mice were sacrificed 10 min later, and the
peptide localization was examined in tissue sections. Fluorescein-CSRPRRSEC colocalizes with MECAS32 in the vasculature of dysplastic skin (A) but not in
fumor fissue (D). This peptide confinues to recognize the vasculature of dysplastic skin in tumor-bearing mice (D inset). This peptide does not recognize
premalignant lesions (angiogenic islets) in RIP1-Tag2 mice. Fluorescein-labeled CGKRK and CDTRL peptides were not detected in dysplastic skin from 4- to
6-month-old mice (B and C), but colocalized with MECA32 in tumor vasculature (E and F). Original magnifications: 200-400X.

in the various tumor microenvironments, but with one common-
ality: each homed to the neovasculature in subcutaneous matri-
gel pellets infused with a mixture of VEGF and bFGF. Neither
peptide homed to angiogenic islets (dysplasias) or tumors in
the RIP-Tag transgenic mouse model of pancreatic islet cell
carcinoma (Hanahan, 1985) (Figures 4A and 4F), indicating that
the binding moieties for these peptides are not present in nor-
mal, dysplastic, or pancreatic tumor vasculature. Interestingly,
both CGKRK and CDTRL did home to breast carcinomas in
another transgenic model, the MMTV-PyMT mice (Guy et al.,
1992) (Figures 4B and 4G). Some of the positive cells appeared
to be circulation-accessible tumor cells (Figure 4G; Chang et
al., 2000), and they were negative for the Fcy-II/lll receptors
(data not shown), suggesting that the peptide binding moiety
can have broader representation beyond tumor endothelial
cells. Both the CGKRK and CDTRL bind a range of cultured
tumor cells (Supplemental Table S1 online) in addition to homing
to tumor endothelial cells in vivo. Further, the activated endothe-
lium in this type of mouse breast tumor shares molecular deter-
minants with SCCs of the skin as detected by these peptides,
ones that are not found in the RIP-Tag model of endocrine
pancreatic cancer. This commonality is despite the fact that
squamous tumorigenesis in the skin was induced by the E6 and
E7 oncogenes of HPV16, while the islet tumors in RIP1-Tag2
were induced by the SV40 Tag oncogene, and the mammary
tumors in MMTV-PyMT mice were induced by the polyoma
middle T antigen.

The two tumor peptides showed different homing to three
types of subcutaneously grown transplanted tumors. Fluores-
cein-CGKRK peptide homed to cells in each of the three trans-
plant tumors (Figures 4C—4E), which arose from PDSC5, a K14-
HPV16 tumor-derived cell line (Figure 4C), the MDA-MB-435
human breast cancer line (Figure 4D; Price et al., 1990), and
the C8161 human melanoma line (Figure 4E; Bregman and
Meyskens, 1986). In contrast, the CDTRL peptide was not pres-
ent in the PDSC5 (Figure 4H) or MDA-MB-435 (Figure 4l) and
only accumulated in the melanoma xenograft (Figure 4J) and in
the skin overlying the melanoma xenograft tumor (Figure 4J
inset). Fluorescein-CGKRK localized in the cytoplasm and nuclei
of vascular cells identified as endothelial cells by their morphol-
ogy and by immunostaining for CD31 and MECAS2 (exemplified
by Figure 4D). In addition, the peptide apparently extravasated
out of the vessels and became distributed along tendril-like
structures and in tumor cell nuclei; it also accumulated to some
extent in avascular necrotic regions (exemplified by Figures 4B,
4C, and 4E). Given that all three tumors were growing subcuta-
neously, presumably by recruiting a neovasculature from the
same normal vascular bed in the dermis, one can infer that cell
type and/or oncogenic stimulus is imparting different qualities
onto the vasculature and the tumor microenvironment, as re-
vealed by the differential homing patterns seen with these pep-
tides. Furthermore, it is apparent that the matrigel extracellular
matrix in combination with VEGF and bFGF is sufficient to elicit
expression of the binding moieties for these homing peptides;
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Figure 4. Localization of fluorescein-labeled peptides in other tumors

PDSC5 MDA-MB-435

Mice bearing various tumors were infravenously injected with fluorescein-labeled peptides from the tumor-homing phage and examined as in Figure 3.
The tissue sections were stained with MECA32 (shown with red fluorochrome) and CD31 (not shown). Fluorescein-CGKRK (A-E) was detected in 4 of the 5
tumor models examined; RIP1-Tag2 tumors (A) were negative. Some features are indicated by arrows, with the labels EC (for endothelial cell), TC (for tumor
cell), and Ne (for necrotic region). The CGKRK peptide was seen in endothelial cells and tumor cells appearing both in the cytoplasm and nucleus (B-E;
arrow in D). Fluorescein-CDTRL (F-J) was absent in the RIP1-Tag2 tumors (F), PDSCJ5 (H), and MDA-MB-435 (I), but present in MMTV-PyMT tumors (G) and
C8161 xenografts (J) tumors. In the C8161 xenografts, the positive cells were CD31-positive cells that were adhering and spreading on the lumenal surface

of the blood endothelial cells; the established endothelia were negative (indicated by the white arrow in J). The blood vessels in the skin surrounding the
C8161 xenograft tumor are also positive for fluorescein-CDTRL (J inset). In the MMTV-PyMT, fluorescein-CDTRL colocalized with CD31 and MECA32 and also

C8161

CGKRK

CDTRL

bound to cells within the vessel wall that were negative for MECA32, CD31, and the Fcy-ll/ll receptors (G). Original magnifications: 200-400%.

notably, the neovasculature is again recruited from the dermis.
Moreover, the two growth factors used in the matrigel assay
have been implicated in the angiogenesis associated with squa-
mouse carcinogenesis of the skin in the K14-HPV16 model
(Arbeit et al., 1996; Coussens et al., 1999).

Discussion

In the study described herein, we have used phage libraries to
profile the vascular changes that take place during squamous
carcinogenesis of the skin in a transgenic mouse model involv-
ing the human papillomavirus type 16 oncogenes, which are
implicated as causative agents in human squamous cancers.
We describe three peptides that distinguish between the neo-
vasculature in premalignant dysplastic lesions and malignant
tumors. The peptides also distinguish both types of vasculature
from normal skin vasculature. The in vivo binding patterns also
reveal molecular diversity in the vasculature of tumors of differ-
ent origins and anatomical locations, consistent with predictions
based on evident morphological differences (Roberts et al.,
1998).

The CSRPRRSEC peptide, obtained by screening for hom-
ing to dysplastic skin lesions, clearly differentiated this class of
lesions from normal skin and from fully developed skin tumors.
Moreover, because the peptide localized to the endothelial cells

of the dysplastic lesions, the selectivity of its homing is attribut-
able to vascular changes during the carcinogenic progression
from normal skin to dysplasia to cancer. The accompanying
paper (Joyce et al., 2003) describes peptides with different se-
quences that selectively recognize premalignant angiogenic is-
lets in RIP1-Tag2 mice. Thus, the vasculature of premalignant
lesions can be distinguished from that of malignant tumors of
the same lineage in two different tumor systems.

The tumor-specific peptide CGKRK showed the broadest
selectivity, homing to all tumors growing in or under the skin,
while the CSRPRRSEC and CDTRL peptides were selective for
two of the four tumors tested. The three tumor-selective phage
did not home to normal skin vasculature and showed variable
selectivity toward dysplasias of tumor-bearing mice. While all
three homed to transplant tumors and the VEGF/bFGF matri-
gels, none accumulated in the angiogenic islet dysplasias or
solid tumors in the RIP1-Tag2 model of pancreatic islet carcino-
genesis. The strain of mice used did not seem to affect the
homing of these peptides, as evidenced by their homing to
tumors in different strains and their differential homing to tumors
within the same strain. For example, the CGKRK peptide homed
to tumors in FVB/b, C57B16, and Balb/c-nu/nu, while the CDTRL
homed to C8161 but not MDA-MB-435 tumors, each growing
in Balb/c-nu/nu mice. In the companion manuscript, Joyce et
al. (2003) report a panel of peptides that home to the vasculature
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of angiogenic islets and pancreatic islet carcinomas but not to
the skin dysplasias or tumors in the HPV16 mice, nor to the
vasculature in several subcutaneous transplant tumors or in s.c.
matrigel plugs. Together, the data demonstrate that tumorigene-
sis in different organs involves the induction of distinctive vascu-
lar signatures as revealed by the selection of peptides displayed
on circulating phage.

A database search revealed a homology between our
CSRPRRSEC peptide and the C,,SRPRR,,; sequence in human
kallikrein-9 (Yousef and Diamandis, 2000) and its mouse homo-
log (RIKEN Clone 1200016C12; Kawai et al., 2001), both prote-
ases of the trypsin super family. These particular residues ap-
pear to be critical for the homing of the CSRPRRSEC peptide,
as evidenced by the recovery of the CSRPRRSVC and
CSRPRRSWC variants in our selection. The Cys220 to Arg225
sequence of human kallikrein-9 forms a loop that is part of the
entrance to the active site; its conformation is variable between
the different kallikreins and trypsin family members, affecting
substrate specificity (Gomis-Ruth et al., 2002). Our cyclic pep-
tide could structurally resemble and functionally mimic this loop.
In the kallikreins, Cys220 forms a disulfide bond with Cys190,
the cysteine next to the active site nucleophile Ser195, and all
kallikreins close this loop with a kink introduced by the invariant
Pro226. Our peptide closes the loop by forming a disulfide bond.
Besides the sequence and structural identity, human kallikrein-9
is known to be expressed in the skin (Yousef and Diamandis,
2000), and the protein has been reported to be a favorable
prognostic marker in ovarian cancer, implying that it antagonizes
ovarian carcinogenesis (Yousef et al., 2001); moreover, several
kallikreins are antiangiogenic (Diamandis et al., 2000). Thus, the
receptor for the CSRPRRSEC peptide may be a kallikrein-9
substrate or inhibitor that is expressed or localized at elevated
levels on the angiogenic endothelia of dysplastic skin lesions
but then decreases with progression to squamous carcinomas.
In analogy, PSA (prostate-specific antigen or human kallikrein-3)
can cleave plasminogen to generate angiostatin (Heidtmann et
al., 1999); kallikrein binding proteins like kallistatin are involved
in angiogenesis (Miao et al., 2002) and kallikreins can exist as
complexes with endogenous inhibitors on the surface of cells
(Yayama et al., 2003). The possible functional involvement of
this protease and its substrates and inhibitors in the HPV16
model squamous carcinogenesis deserves future investigation.

The CGKRK tumor-homing peptide was found in association
with the luminal surface of the tumor endothelium, but also
inside the tumor parenchyma after an intravenous injection. The
localization of the peptide within the tumor tissues was not
simply a result of leakiness of the tumor vasculature to labeled
peptides because we did not see the same distribution with the
other fluorescein-labeled peptides, and only the CGKRK peptide
became localized to the nuclei of the tumor cells.

The CGKRK tumor-homing peptide has an overall charge
of +3 and is essentially composed of basic residues. This pep-
tide may bind by virtue of this charge and composition to cell
surface heparan sulfates and to phosphatidylserine. An ~60
nm in diameter T7 phage displaying 415 copies of this peptide
would resemble a cationic liposome; cationic liposomes bind
to and are used as a marker of tumor vasculature (Thurston et
al.,, 1998). Cationic particles may bind to phosphatidylserine,
an anionic phospholipid that is on the surface of tumor endo-
thelial cells and is accessible to circulation (Ran et al., 2002).
Phosphatidylserine is also a marker of apoptotic cells, and the

phosphatidylserine receptor on macrophages mediates en-
gulfment (Fadok et al., 2000); this could explain CGKRK’s uptake
by the necrotic/apoptotic regions in the tumors (like shown in
Figure 4B).

The KRK sequence is also found in exon 6 of human and
mouse VEGF-A and other VEGF homologs like the endocrine
gland-specific protein Bv8 (LeCouter et al., 2003). Exon 6 is
present in the highly basic, cell-associated forms of VEGF
(VEGF4g and VEGF,y). Synthetic peptides corresponding to
exon 6 release both FGF-2 and VEGF from the cell surface
(Jonca et al., 1997) and inhibit VEGF binding and activity on
HUVECs (Jia et al., 2001). A 24 residue basic peptide from exon
7 of VEGF,¢; has been expressed on phage and shown to bind to
heparan sulfate and home to the vasculature of subcutaneously
growing CT26 colon and MATB-IIl mammary adenocarcinomas
(EI-Sheikh et al., 2002). The homing of heparin binding peptides
to tumor vasculature may be explained by a greater accessibility
to heparan sulfates or the expression of other specific glycos-
aminoglycans. Indeed there are known cases of glycosamino-
glycans being preferentially expressed on the blood vessels of
tumors (Smetsers et al., 2003; Qiao et al., 2003). The functional
importance of this sequence in VEGF-A is suggested by the
fact that mice engineered to express only VEGF,y, which lacks
the ability to bind heparin, die within 2 weeks postpartum (Car-
meliet et al., 1999). The CGKRK peptide may have a similar
specificity, as it recognized the vessels in each of the subcutane-
ous tumors as well as the neovasculature induced in matrigel
pellets implanted with VEGF and bFGF (Supplemental Figure
S3 on Cancer Cell website).

Basic FGF binds to heparan sulfate and is also internalized
by cells in a process that can be distinguished from internaliza-
tion via FGF receptors (Roghani and Moscatelli, 1992), sug-
gesting that heparan sulfate binding could be responsible for
internalization of the CGKRK peptide. Finally, KRK is a known
nuclear localization sequence (Craggs and Kellie, 2001; Zhou
et al., 1991), potentially explaining the nuclear localization of
the CGKRK peptide we observed. SCC induced in the skin by
HPV oncogenes could therefore differ from islet cell tumors in
the composition or presence of glycosaminoglycans like he-
paran sulfate, a possibility that deserves future investigation.

A similar shared specificity between tumor endothelial and
tumor cells has been previously reported for two other tumor-
homing peptides (Laakkonen et al., 2002; Porkka et al., 2002);
these reported peptides are also internalized by cells and be-
come localized to the nuclei. Tumor-homing peptides that pene-
trate into the tumor and are internalized by overt cancer cells
or tumor endothelial cells may be particularly well suited for
targeting therapeutic and imaging agents into tumors, lev-
eraging their specificity and ability to accumulate substantively
therein.

In summary, we describe peptides that target different
stages of tumor development in the K14-HPV16 model of squa-
mous cell carcinoma of the skin. These peptides further reveal
molecular differences between tumor types. Peptides such as
these and the receptor moieties they detect by their selective
binding will contribute to our understanding of vascular hetero-
geneity and temporal changes that occur during multistage
tumor development in different organs. This knowledge will pro-
vide avenues for developing improved diagnostic tools, includ-
ing ones affording early detection of premalignant lesions and
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asymptomatic early stage carcinomas, as well as for targeting
therapeutics to those lesions.

Experimental procedures

Tumor-bearing and transgenic mice

To investigate homing to dysplasias, we used K14-HPV16 mice at 4-6
months of age and with no macroscopic evidence of tumors. Tumor-bearing
K14-HPV16 mice were 9-12 months old with obvious ear or trunk tumors.
RIP1-Tag2 mice were used at 12 weeks of age, when 100% had pancreatic
islet tumors. MMTV-PyMT mice were 4-6 months old, bearing palpable
mammary tumors. Cells for subcutaneous inoculation to produce the trans-
plant tumors were cultured in 10% fetal calf serum (FCS) in Dulbecco’s
Modified Eagle’s Media (DMEM). Tumors were generated by subcutaneously
injecting 10° cells into the chest skin of FVB/n (PDSC5) or Balb/c nude (MDA-
MB-435 and C8161) mice. We used mice bearing s.c. transplant tumors
with an approximate diameter of 1 cm. PDSC5 tumors and MDA-MB-435
xenografts reached this size about 9 weeks post-injection while C8161 xeno-
grafts took 3 weeks post-injection. The matrigel angiogenesis bioassay in-
volved inoculating Balb/c-nu/nu mice with a gelatinous plug composed of
a mixture of 400 .l of Matrigel (Becton Dickinson, Bedford, Massachusetts),
100 ng of basic fibroblast growth factor, and 50 ng of vascular endothelial
growth factor (R&D Systems, Minneapolis, Minnesota) in a 450 pl final vol-
ume. There were three experimental groups, one for each of the three pep-
tides, comprised of three mice in each group. The mice were injected i.v.
with 100 pg of fluorescein-peptide 9 days post-implantation. All animal
experiments were approved by the Animal Research Committees at the
Burnham Institute or University of California at San Francisco.

Ex vivo and in vivo phage selections

The selections were made with an NNK-encoded CX;C peptide library dis-
played on Novagen’s T7 415-1b phage vector. The library had a diversity
of approximately 1 X 10%. Phage selections and validations have been de-
scribed (Hoffman et al., 2004; Laakkonen et al., 2002).

Immunofluorescence and immunohistochemistry

Areas of skin, tumors, and various organs were collected and either fixed
in formalin, dehydrated through serial alcohols, and embedded in paraffin
or directly embedded in OCT medium (Fisher Scientific). The K14-HPV16
dysplasia and tumors were graded by evaluating hematoxylin & eosin and
anti-keratin staining on 5 pm paraffin sections under a light microscope
(Coussens et al., 1996). Rat anti-mouse CD31, rat anti-mouse MECA32, and
anti-CD16/CD32 (FcyRIl and FcyRlll; BD Pharmingen) were used for vascular
immunostaining on 10 um frozen sections. The anti-phage stainings and
biodistribution of fluorescein-labeled peptides were conducted as previously
described (Hoffman et al., 2004; Laakkonen et al., 2002).
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Angiogenesis inhibitors are receiving increased atten-
tion as cancer therapeutics, but little is known of the
cellular effects of these inhibitors on tumor vessels.
We sought to determine whether two agents,
AG013736 and VEGF-Trap, that inhibit vascular endo-
thelial growth factor (VEGF) signaling, merely stop
angiogenesis or cause regression of existing tumor
vessels. Here, we report that treatment with these
inhibitors caused robust and early changes in endo-
thelial cells, pericytes, and basement membrane of
vessels in spontaneous islet-cell tumors of RIP-Tag2
transgenic mice and in subcutaneously implanted
Lewis lung carcinomas. Strikingly, within 24 hours,
endothelial fenestrations in RIP-Tag2 tumors disap-
peared, vascular sprouting was suppressed, and pa-
tency and blood flow ceased in some vessels. By 7
days, vascular density decreased more than 70%, and
VEGFR-2 and VEGFR-3 expression was reduced in sur-
viving endothelial cells. Vessels in Lewis lung tumors,
which lacked endothelial fenestrations, showed less
regression. In both tumors, pericytes did not degen-
erate to the same extent as endothelial cells, and
those on surviving tumor vessels acquired a more
normal phenotype. Vascular basement membrane
persisted after endothelial cells degenerated, provid-
ing a ghost-like record of pretreatment vessel number
and location and a potential scaffold for vessel re-
growth. The potent anti-vascular action observed is

evidence that VEGF signaling inhibitors do more than
stop angiogenesis. Early loss of endothelial fenestra-
tions in RIP-Tag2 tumors is a clue that vessel pheno-
type may be predictive of exceptional sensitivity to
these inhibitors. (Am J Pathol 2004, 165:35-52)

Inhibitors of angiogenesis are now making their way
through clinical trials.’ Some results with inhibitors of
vascular endothelial growth factor (VEGF) are promis-
ing,*® but challenges are faced in selecting the right
patients, determining effective doses, and evaluating re-
sponses. Patient selection is made difficult by lack of
understanding of which tumors have drug-sensitive
blood vessels, and limited information is available on the
cellular changes tumor vessels undergo in response to
angiogenesis inhibitors. Conventional measurements of
microvascular density, one of the most common micro-
scopic methods used to quantify angiogenesis in tu-
mors,® is not always an accurate measure of efficacy
because tumor mass may decrease in parallel with the
number of blood vessels.” Other standard endpoints,
such as tumor burden, provide little insight into whether
drugs act on blood vessels or tumor cells and may not
show whether tumor growth is stabilized by angiogenesis
inhibition. Thus, new ways are needed for evaluating
vascular effects of angiogenesis inhibitors.

Blood vessels in tumors have multiple abnormalities.
Tumor vessels express unique proteins’ and have bi-
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zarre morphological features, including loss of arteriole-
capillary-venule hierarchy, tortuosity, variable diameter,
defective endothelial monolayer, and leakiness.®° Even
pericytes (mural cells) of tumor vessels are abnormal, as
evidenced by altered gene expression and loss of inti-
mate contact with endothelial cells.'®'" Abnormalities of
the basement membrane of tumor vessels are also
present and reflect the disturbances of endothelial cells
and pericytes.'® We reasoned that a better understand-
ing of these abnormalities and how they respond to treat-
ment could give insight into the cellular effects of angio-
genesis inhibitors.

One approach to blocking angiogenesis involves inhi-
bition of VEGF.*'® VEGF and its receptors, VEGFR-1
(flt-1) and VEGFR-2 (flk-1/KDR), play key roles in the
formation and growth of normal blood vessels and in
tumor angiogenesis.'* There is compelling evidence that
VEGF is a survival factor for some tumor vessels and that
the growth of some tumors is dependent on VEGF-in-
duced angiogenesis. The strength of the evidence stems
in part from the use of multiple different approaches to
inhibit VEGF signaling, including neutralizing antibodies
against VEGF'® or VEGFR-2,"° anti-sense VEGF cDNA, "7
conditional expression of the VEGF gene, '® soluble VEGF
receptors,'®2° chimeric proteins consisting of the extra-
cellular domain of VEGFR-1 and VEGFR-2 joined to the
Fc portion of IgG,?' adenoviral expression of soluble
VEGF receptors®? or dominant-negative VEGFR-2,2® and
small molecules that inhibit VEGF receptor tyrosine ki-
nase phosphorylation.24-27

Inhibition of VEGF signaling not only blocks angiogen-
esis in tumors but can also change or destroy tumor
vessels.?®2" VEGF/VEGFR inhibition can decrease the
diameter, tortuosity, and permeability of tumor vessels®®
and even transform surviving tumor vessels into a more
normal phenotype.®2:3% Considering the important role of
VEGF and its receptors in regulating vascular function,
we sought to characterize the changes in tumor vessels
produced by agents that block the action of this growth
factor.

In the present studies, we examined the cellular effects
of two inhibitors of VEGF signaling, VEGF-Trap and
AG013736, on blood vessels in spontaneous pancreatic
islet tumors in RIP-Tag2 transgenic mice®* and implanted
Lewis lung carcinoma (LLC) in syngeneic mice. VEGF-
Trap is a decoy construct of VEGFR-1 and VEGFR-2 that
inhibits VEGF signaling by selectively binding the ligand
and has potent anti-angiogenic activity in preclinical tu-
mor models.?'3" AG013736 is a small molecule inhibitor
of VEGFR-1, VEGFR-2, VEGFR-3, and related tyrosine
kinase receptors that has potent anti-angiogenic and
anti-tumor effects in mice.?”*> We focused on changes
occurring during the first week of treatment of established
tumors to identify primary vascular effects of the inhibitors
that precede or accompany the reduction in tumor
growth documented by others 2'27:31:38:35.36 Flyores-
cence, confocal, and electron microscopic approaches
applied to tissues fixed in situ by vascular perfusion pro-
vided cellular and molecular readouts for assessing pa-
tency and blood flow of individual vessels, endothelial
sprouts and fenestrations, VEGFR-2 and VEGFR-3 immu-

noreactivity, pericyte morphology, and changes in the
vascular basement membrane. The orderly microvascu-
lature of the mouse trachea was used to validate some of
the methods in a simpler system.®” Cellular changes
observed as soon as 24 hours after the onset of treatment
reflected drug activity and suggested novel features that
may help to identify types of blood vessels that are sen-
sitive to inhibition of VEGF signaling.

Materials and Methods

VEGF/VEGFR Inhibitors

VEGF-Trap (also called VEGF-Trapgirs), Which consists
of the second immunoglobulin (Ig) domain of VEGFR-1
and third Ig domain of VEGFR-2 fused to the constant
region (Fc) of human IgG1,2" was supplied by Regen-
eron Pharmaceuticals, Inc., Tarrytown, NY. AG013736,
which is a potent small molecule inhibitor of VEGF/plate-
let-derived growth factor (PDGF) receptor tyrosine ki-
nases (IC5o, = 1.2 nmol/L for VEGFR-1, 0.25 nmol/L for
VEGFR-2, 0.29 nmol/L for VEGFR-3, 2.5 nmol/L for
PDGFR-8, 2.0 for cKit, and 218 nmol/L for FGFR-1),3°
was supplied by Pfizer Global Research and Develop-
ment, San Diego, CA.

Animals and Treatment

Tumor-bearing RIP-Tag?2 transgenic mice®** (C57BL/6
background, 10 to 12 weeks of age) were injected with
VEGF-Trap (25 mg/kg in a volume of 5 ul/g i.p.) or its
vehicle (5 wl/g; Chinese hamster ovary cell-derived hu-
man Fc domain in 40 mmol/L phosphate) on day 0 and
studied on day 1 or 2 or were injected on days 0, 3, and
6 and studied on day 7. Alternatively, RIP-Tag2 mice
were injected with AG013736 (25 mg/kg in a volume of 5
wl/gi.p.) orits vehicle (5 ul/g; 3 parts PEG 400 to 7 parts
acidified H,O, pH 2 to 3) twice daily for 1, 2, or 7 days or
once daily for 7 or 21 days. In addition, wild-type
C57BL/6 mice, 10 weeks of age, with a 1-mm?® piece of
LLC tumor implanted under the dorsal skin for 4 to 6
days, were treated with AGO13736 (25 mg/kg i.p.) or
vehicle twice daily for 7 days. These intervention treat-
ment regimens®® examined the effects of the agents on
established RIP-Tag2 tumors and LLC tumors. Normal
wild-type mice (FVB/n background, 8 weeks of age) were
treated with AG013736 (25 mg/kg i.p.) twice daily for <10
days, VEGF-Trap for 7 days, or vehicle for developing the
model using the tracheal microvasculature.

Lectin Injection and Fixation by Vascular
Perfusion

At the end of the treatment period, mice were anesthe-
tized with ketamine (100 mg/kg i.m.) plus xylazine (10
mg/kg i.m.). In mice used for immunohistochemistry,
blood flow and patency of individual tumor vessels were
assessed by injection of 100 ug of fluorescein isothiocya-
nate-labeled Lycopersicon esculentum lectin in 0.9% NaCl



(100 wl into femoral vein; Vector Laboratories, Burlin-
game, CA).8"" Two minutes later the chest was opened
rapidly, and the vasculature was perfused for 2 minutes
at a pressure of 120 mmHg with fixative [1% paraformal-
dehyde in phosphate-buffered saline (PBS), pH 7.4,
Sigma, St. Louis, MO] from an 18-gauge cannula inserted
into the aorta via an incision in the left ventricle. Blood
and fixative exited through an opening in the right atrium.
Tissues were removed, immersed in fixative for 1 hour at
4°C, and then processed for immunohistochemistry. In
mice used for transmission electron microscopy (TEM),
tissues were fixed by vascular perfusion of fixative con-
taining 3% glutaraldehyde in 75 mmol/L cacodylate
buffer, pH 7.1, 4% polyvinylpyrrolidone, 0.05% CacCl,,
and 1% sucrose.®'" The fixative for scanning electron
microscopy (SEM) contained 2% glutaraldehyde in 100
mmol/L phosphate buffer. Fixative was perfused at 120
mmHg for 2 minutes and then 100 mmHg for 3 minutes.
Tissues were removed, immersed in fixative for at least 18
hours (4°C), and then processed for TEM or SEM.

Electron Microscopy

For TEM, RIP-Tag2 tumors, LLC tumors, pancreas, thy-
roid, and tongue were fixed by vascular perfusion and
then were trimmed to a maximal dimension of 5 mm,
embedded in 7% agarose, and 0.25- to 1-mm slices were
cut with a tissue chopper or razor blade. Specimens
measuring ~1to 3 mm on a side were cut from the slices,
rinsed with 100 mmol/L cacodylate buffer, fixed with
0sO, (1% in 100 mmol/L cacodylate buffer at 4°C, 2
hours), rinsed with water, en bloc stained with uranyl
acetate (2% aqueous for 48 hours at 38°C), dehydrated
with acetone, and embedded in epoxy resin.®'" Sections
0.5 um in thickness were stained with toluidine blue for
light microscopy, and sections 60 to 80 nm in thickness
were stained with lead citrate and examined with a Zeiss
EM-10C electron microscope. For SEM, RIP-Tag2 tumors
and thyroid glands were fixed by vascular perfusion,
trimmed to a maximal dimension of 7 mm, and treated
with 30% potassium hydroxide in distilled water for 8
minutes at 60°C to remove the extracellular matrix around
blood vessels and tumor cells.>*® The specimens were
stained with a solution of 2% tannic acid and 1% OsQO,,
dehydrated with a graded series of ethanol, transferred to
isoamyl acetate, and critical point-dried in liquid CO..
Some tumors were cracked with fine forceps under a
dissection microscope to expose blood vessels within the
specimen. Dried specimens were put on aluminum stubs,
coated with OsO, in an Osmium Plasma Coater (Vacuum
Device Corp., Japan), and examined with a Hitachi
S-4300N scanning electron microscope.

Immunohistochemistry

Endothelial cells of tumor vessels were evaluated by
immunohistochemistry using six primary antibodies: rat
monoclonal anti-CD31 (PECAM-1, clone MEC 13.3,
1:1000; Pharmingen, San Diego, CA), hamster monoclo-
nal anti-CD31 (clone 2H8, 1:1000; Chemicon, Temecula,
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CA), rabbit polyclonal anti-VEGFR-2 (VEGF receptor-2,
antibody T014, 1:2000; gift from Rolf Brekken and Philip
Thorpe, University of Texas Southwestern Medical Cen-
ter), goat polyclonal anti-VEGFR-3 (VEGF receptor-3,
1:1000; R&D Systems, Minneapolis, MN), rat monoclonal
anti-CD105 (endoglin, clone MJ7/18, 1:500; Pharmin-
gen), and rat monoclonal anti-ag integrin [CD49e, clone
5H10-27 (MFR5), 1:400; Pharmingen). Pericytes were ex-
amined with two primary antibodies: Cy3-conjugated
mouse monoclonal anti-a-smooth muscle actin (SMA)
(clone 1A4, 1:1000; Sigma Chemical Co., St. Louis, MO)
and rat monoclonal anti-PDGFR-B (PDGF receptor-g,
clone APBS5, 1:2000; gift from Akiyoshi Uemura, Kyoto
University, Japan). Vascular basement membrane was
examined with rabbit polyclonal anti-type IV collagen
antibody (1:10,000; Cosmo Bio Co., Tokyo, Japan).'?
Secondary antibodies were goat anti-rat IgG labeled with
fluorescein isothiocyanate or Cy3 for rat CD31, CD105,
ag integrin, and PDGFR-B antibodies; goat anti-hamster
IgG labeled with fluorescein isothiocyanate for hamster
CDg31 antibody; donkey anti-rabbit IgG labeled with Cy3
for rabbit anti-VEGFR-2 antibody; donkey anti-goat IgG
labeled with Cy3 for goat anti-VEGFR-3 antibody; and
goat anti-rabbit 1gG labeled with Cy3 or Cy5 for rabbit
anti-type IV collagen antibody (1:400; Jackson Immu-
noResearch, West Grove, PA).

After fixation by vascular perfusion, tracheas were re-
moved, incised along the ventral midline, and processed
as whole mounts to visualize the three-dimensional struc-
ture of the microvasculature.®” Other organs and tumors
were removed, rinsed several times with PBS, infiltrated
with 30% sucrose, and frozen in OCT compound. Cryo-
stat sections were cut 80 um in thickness for all studies
except for measurement of immunofluorescence intensity
in which they were cut at 20 um. Sections were dried on
Superfrost Plus slides (Fisher Scientific, Pittsburgh, PA)
for 1 to 2 hours (20-um sections) or 12 to 15 hours (80-um
sections). Specimens were permeabilized with PBS con-
taining 0.3% Triton X-100 (Lab Chem Inc., Pittsburgh, PA)
and incubated in 5% normal serum (Jackson ImmunoRe-
search) in PBS+ [PBS containing 0.3% Triton X-100,
0.2% bovine serum albumin (Sigma), and 0.01% thimer-
osal (Sigma)] for 1 hour at room temperature to block
nonspecific antibody binding. Sections were incubated
with primary antibodies diluted in 5% normal serum in
PBS+ for 2 hours (20-um sections) or 12 to 15 hours
(80-um sections and trachea) at room temperature (20-
and 80-um sections) or 4°C (trachea). Most primary an-
tibodies were used in combination with anti-CD31. Anti-
CD31 was used alone to examine the distribution of lectin
staining. Control specimens for immunofluorescence in-
tensity analysis were incubated in 5% normal serum in-
stead of primary antibody for the same period. After
rinsing with PBS containing 0.3% Triton X-100, speci-
mens were incubated for 1 hour (20-um sections) or 4 to
6 hours (for 80-um sections and trachea) at room tem-
perature with fluorophore-conjugated (fluorescein iso-
thiocyanate, Cy3 or Cy5) secondary antibodies diluted in
5% normal serum in PBS+. Specimens were rinsed with
PBS containing 0.3% Triton X-100, fixed in 4% parafor-
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maldehyde (PFA), rinsed again with PBS, and mounted in
Vectashield (Vector Laboratories).

Fluorescence Imaging

Specimens were examined with a Zeiss Axiophot fluores-
cence microscope equipped with single, dual, and triple
fluorescence filters and a low-light, externally cooled,
three-chip charge-coupled device camera (480 X 640
pixel RGB-color images, CoolCam; SciMeasure Analyti-
cal Systems, Atlanta, GA) and with a Zeiss LSM 510
confocal microscope with argon, helium-neon, and UV
lasers (512 X 512 or 1024 X 1024 pixel RGB-color im-
ages). In each mouse, four or five images were obtained
from sections cut approximately through the midpoint of
RIP-Tag2 tumors, ranging from 0.5 to 2 mm in diameter,
or LLCs, measuring ~5 mm in diameter. Images were
obtained from central and peripheral regions of tumors
too large to be included in one image.

Fluorescence Intensity Measurements

Fluorescence intensity of blood vessels in 20-um-thick
cryostat sections of RIP-Tag2 and LLC tumors from mice
treated with AG013736, VEGF-Trap, or vehicle for 7 days
was measured on digital images (X20 objective, X1
Optovar, tissue region 480 um by 640 um) of specimens
stained for VEGFR-2, VEGFR-3, as-integrin, CD31,
CD105, or PDGFR-B immunoreactivity. Measurements of
mean vessel brightness involved four steps. 1) On the
fluorescence microscope, the background fluorescence
(nonspecific fluorescence of the tissue) of each image
was set to a barely detectable level by adjusting the gain
of the charge-coupled device camera, and then the im-
age was captured. The brightness of blood vessel fluo-
rescence was ignored in this step. 2) RGB images were
converted to 8-bit gray scale images (fluorescence inten-
sity range: 0 < 255) using Imaged software (http://rsb.
info.nih.gov/jj). 3) The intensity of the background fluores-
cence was measured on images of tissues (RIP-Tag2
and LLC tumors and normal pancreatic islets) stained
with Cy3-labeled secondary antibody without a primary
antibody. Analysis of these images showed that >97% of
pixels had a fluorescence intensity of <15. A fluores-
cence intensity of 15 was thus established as the thresh-
old for distinguishing pixels of the vasculature from those
of the background. 4) The fluorescence intensity of the
vasculature represented the average brightness of all
vessel-related pixels. This value was calculated from all
pixels with fluorescence intensities =15 as follows: the
sum of the number of pixels at each fluorescence inten-
sity times that fluorescence intensity was divided by the
total number of pixels with brightness =15. The mean
value was calculated for four images of tissue stained
with a particular antibody from each mouse (n = 4 to 8
mice per group).

The distribution of VEGFR-2 intensity values of individ-
ual tumor vessels was measured to determine whether
the treatment-related decrease in mean vessel bright-
ness was because of selective pruning of vessels with the

highest VEGFR-2 expression. For this purpose, the peak
VEGFR-2 fluorescence intensity of 10 sequentially se-
lected vessels was measured using the Plot Profile func-
tion of Imaged on each of the digital images just de-
scribed for RIP-Tag2 tumors with or without AG013736
treatment for 7 days (four images per mouse, n = 4 mice

per group).

Tumor Vascularity

An index of area density (proportion of sectional area)
was measured in fluorescence microscopic digital im-
ages to quantify tumor vessel blood flow (lectin staining
of perfused blood vessels), endothelial cells (CD31 im-
munoreactivity), pericytes (a-SMA immunoreactivity),
and vascular basement membrane (type IV collagen im-
munoreactivity) in 80-um-thick cryostat sections of RIP-
Tag2 and LLC tumors with or without treatment. Blood
vessel fluorescence was analyzed in images (X 10 objec-
tive, X1 Optovar, tissue region 960 X 1280 um) captured
from sections of four to five tumors (RIP-Tag2) or four
regions of tumor (LLC) in each mouse. Based on fluores-
cence intensities ranging from 0 to 255, blood vessels
were distinguished from background by empirically de-
termining threshold values that included only blood ves-
sels in specimens from vehicle-treated mice (intensity
value 40 to 55 for RIP-Tag2 tumors and 35 for LLC tu-
mors). The threshold was constant for all measurements
of a given marker in each experiment. The area density of
blood vessels stained with lectin, CD31, a-SMA, or type
IV collagen was calculated as the proportion of pixels
having a fluorescence intensity value equal to or greater
than the corresponding threshold. An average value was
calculated for all tumors or regions of tumor in each
mouse (n = 4 mice per group). The values were not true
area densities because of the section thickness. Indeed,
they overestimated the true area density because mea-
surements were made on two-dimensional projections of
three-dimensional (80-um thick) specimens. However, by
including more tissue, thicker specimens expanded the
range of possible values and the sensitivity of the mea-
surements. All specimens were handled identically.
Curve fitting using a second order polynomial equation
with data from 1-um- to 32-um-thick projections made
from 1-um confocal optical sections obtained from
80-um physical sections showed that an area density
index of 57.7%, as measured above, corresponded to a
true area density of 15.9%. Thus, blood vessels occupied
~16% of untreated RIP-Tag2 tumors.

Vascularity of Thyroid and Tongue

Blood vessel profiles were quantified in 0.5-um-thick,
toluidine blue-stained epoxy sections of thyroid and
tongue with or without treatment on real-time color bright-
field video images by using a Zeiss Axiophot microscope
with a three-chip charge-coupled device color video
camera (model DXC 755; Sony, Tokyo, Japan) interfaced
to a real-time color video digitizing card (DVA-4000; Vid-
eo-Logic, Cambridge, MA) in a Compag computer



(Houston, TX). Measurements were made with a digitiz-
ing tablet (Digipad, model 1111A; GTCO, Rockville, MD)
and image analysis software developed in our laboratory.
Vascular density in sections of thyroid viewed with a x20
objective (X1 Optovar) was expressed as number of
capillary profiles per millimeter of follicle perimeter (10
thyroid follicles per mouse; n = 3 mice per group). Blood
vessel profiles in sections of tongue viewed with a x40
objective (X1 Optovar) were counted in regions measur-
ing 22,337 wm?, and vascular density was expressed as
number of vessel profiles per 10 um? of lingual muscle
in each mouse (n = 3 mice per group).

Number of Endothelial Fenestrations

Fenestrations in endothelial cells of blood vessels in RIP-
Tag2 and LLC tumors, thyroid, and tongue smooth mus-
cle with or without treatment were counted on TEM im-
ages (total magnification x17,640, 10 blood vessel
profiles per mouse, n = 3 to 4 mice per group). Fenes-
trations were identified as 60- to 90-nm diaphragm-cov-
ered openings in endothelial cells.*® Vessel perimeters
were measured with a digitizing tablet on TEM images at
X4480 or X5600. Values are expressed as mean number of
endothelial fenestrations per 100 um of vessel perimeter.

Estimate of Tumor Vessel Diameter

The effect on vessel diameter of 7-day treatment with
AG013736 was measured on printed fluorescent images
of RIP-Tag2 tumors stained for VEGFR-2 immunoreactiv-
ity (X20 objective, X1 Optovar, tissue region 480 um by
640 um). Three horizontal lines were drawn across each
image. The diameter of 10 blood vessels that intersected
these lines was measured with the digitizing tablet (four
images per mouse, n = 4 mice per group).

Estimate of Tumor Size

The effect of treatment on tumor size was assessed by
treating 10-week-old RIP-Tag2 mice with AG0O13736 or
vehicle as above for 21 days (n = 4 mice per group).
After fixation by vascular perfusion with 1% PFA, the
pancreas was frozen, and 80-um-thick cryostat sections
were stained for type IV collagen immunoreactivity. Dig-
ital fluorescence microscopic images of all tumors visible
in any of four sections cut at different levels of each
pancreas were captured (X5 objective, X1 Optovar, tis-
sue region 1920 um by 2560 um), and then the sectional
area of each tumor (8 to 20 tumors per mouse) was
measured with Imaged. Tumors too large to fit into a
single image were recorded as multiple images and the
data combined. The volume of each tumor was calcu-
lated from the sectional area with the assumption the
tumors were spherical.

Statistics

The significance of differences between groups was as-
sessed using analysis of variance followed by the Bon-
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ferroni-Dunn or Fisher’s test for multiple comparisons.
Values are expressed as means = SE. P values <0.05
were considered significant except where lower values
were indicated in Bonferroni-Dunn tests.

Results

Treatment with VEGF-Trap or AG013736 caused multiple
changes in the blood vessels of spontaneous RIP-Tag?2
tumors and implanted LLC tumors. Changes in endothe-
lial cells of tumor vessels were evident as soon as 24
hours after the onset of treatment, demonstrating the
rapid onset of vascular actions of these drugs (Table 1).
Both agents had anti-vascular effects in the tumors, with
more than 50% of the vessels undergoing regression
within 7 days (Table 1).

Loss of Vessel Patency and Blood Flow before
Endothelial Cell Regression

L. esculentum lectin injected into the bloodstream binds
rapidly and uniformly to the luminal surface of the vascu-
lature, thus marking blood vessels that are patent and
perfused.®'" In the simple vascular network of the tra-
chea, lectin staining uniformly co-localized with CD31
immunoreactivity (Figure 1, A and D). After 2 days of
treatment with AG013736, some CD31-positive vessels
lacked lectin staining (Figure 1, B and E), and after a
week or more reductions in both markers were evident,
indicative of vessel loss (Figure 1, C and F). Similarly, in
untreated RIP-Tag2 tumors most blood vessels had uni-
form lectin staining and CD31 immunoreactivity (Figure 2;
A, C, and E), showing the vessels were patent, perfused,
and lined by endothelial cells. However, after 1 day of
treatment with AG013736, some CD31-positive vessels in
RIP-Tag2 tumors lacked lectin staining (Figure 2; B, D,
and F). The discrepancy between CD31 immunoreactiv-
ity and lectin staining involved 30% of the tumor vascu-
lature at 1 day and 57% at 2 days but was minimal at 7
days (Figure 2G). Similar changes were found with VEGF-
Trap (Figure 2H). The amount of lectin staining and CD31
immunoreactivity decreased by more than 70% during
the first week, indicative of the extensive vessel loss
(Figure 2, G and H). At that point, the amounts of lectin
staining and CD31 immunoreactivity were again
matched, showing that the nonperfused vessels had de-
generated, and vessels that survived treatment were
patent and perfused.

Reduction of Endothelial Sprouts and
Fenestrations

Endothelial sprouts, appearing as cell protrusions tipped
by filopodia, were abundant on blood vessels in un-
treated RIP-Tag2 tumors (Figure 3A) but were rare on
tumor vessels after 7 days of treatment with AG013736
(Figure 3B). Most blood vessels of tumors in RIP-Tag2
mice have abundant endothelial fenestrations, as do
capillaries of pancreatic islets from which the tumors
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Table 1. Effect of VEGF/VEGFR Inhibitors on Endothelial Fenestrations and Vascular Density
AG013736 VEGF-Trap
Control 1 day 7 days 1 day 7 days
RIP-Tag2 tumor
Endothelial fenestrations 68.0 + 213 5.0 = 3.0 11 +0.5" 9.1 =37 13.7 = 5.3*
(—93%) (—98%) (—=87%) (—80%)
Vascular density 557 1.7 33.7 £ 21* 11.7 £ 0.6* 37.6 £ 20" 1564 =1.2*
(—39%) (=79%) (—=32%) (=72%)
Lewis lung carcinoma
Endothelial fenestrations 0 - 0 - -
Vascular density 233+23 - 11.3x1.2* - -
(—52%)
Thyroid gland
Endothelial fenestrations 52.6 =+ 3.3 - 6.2 27" - 34.4+30
(—88%) (—35%)
Vascular density 425+ 3.2 - 19.2 = 1.6* - 454 =20
(—55%) (+7%)
Tongue muscle
Endothelial fenestrations 0 - 0 - -
Vascular density 249 =19 - 269+ 0.3 - -
(+8%)

Comparison of endothelial fenestrations and vascular densities in mice with or without treatment. Fenestrations (number per 100 um of vessel
perimeter) were quantified on TEM images of 10 blood vessel profiles per mouse. Vascular densities in tumors (area density index expressed as
percent of tumor area) were measured on 80-um-thick sections stained for CD31 immunoreactivity by calculating proportion of pixels with fluorescence
intensity greater than threshold (see Materials and Methods). Vascular densities in thyroid (number of capillaries/mm perimeter of follicles) and in
tongue (number of vessels per 10 um? of muscle) were measured on toluidine blue-stained epoxy sections 0.5 uwm in thickness. Percent change in

relation to corresponding control value shown in parentheses.

*Significantly different from control value (P < 0.05). Values are mean = SE; n = 3 to 4 mice per group.

—, Not examined.

arise.®*! Because VEGF is known to induce fenestrations
in endothelial cells*® and targeted deletion of VEGF in
pancreatic islets results in nonfenestrated vessels,*' we
asked whether inhibition of VEGFR signaling would re-
duce the number of fenestrations in tumor vessels. Sur-
prisingly, the reduction was rapid and almost complete in
RIP-Tag?2 tumor vessels (Figure 3; C to F). Treatment with
VEGF-Trap for only 24 hours reduced the number of
endothelial fenestrations by 87% (Table 1). Treatment
with AG013736 reduced fenestrations by 93% after 1 day
and by 98% after 7 days (Figure 3, D and F, and Table 1).

Next we asked whether the presence of endothelial
fenestrations was an indicator of vessel sensitivity to the
anti-vascular effects of AG013736 and VEGF-Trap. Two
approaches were used. First, we examined LLC tumor
vessels, which had no endothelial fenestrations (Table 1).
The number of blood vessels in LLC tumors was reduced
by 52% after 7 days of treatment with AG013736 (Table
1). Although still an appreciable reduction in tumor vas-
cularity, the change in LLC tumors was significantly less
than the 79% reduction found in RIP-Tag2 tumors (Table
1). Second, we examined the response of normal blood
vessels with or without endothelial fenestrations to VEGF-
Trap or AG0O13736. In blood vessels of the thyroid, which
are heavily fenestrated, VEGF-Trap reduced the number
of fenestrations by 35% and produced no reduction in
vascularity (Table 1). However, treatment with AG013736
for 7 days reduced the number of fenestrations by 88%
and caused a 55% reduction in vascularity (Table 1).
These changes were not accompanied by weight loss or
other obvious evidence of impaired health (data not
shown). By contrast, the vasculature of tongue muscu-
lature, which had no endothelial fenestrations, showed
no reduction in vessel number after treatment with

AGO013736 (Table 1). Together, the findings suggest that
some blood vessels with endothelial fenestrations are
dependent on VEGF signaling for survival, and the mag-
nitude of reduction in fenestrations may predict the
amount of blood vessel destruction produced by VEGF/
VEGFR inhibitors.

Decreased Endothelial Cell VEGFR-2 and
VEGFR-3 Immunofluorescence

Because inhibition of VEGF signaling can decrease
VEGFR-2 expression in certain types of blood ves-
sels, 13742 we asked whether VEGF/VEGFR blockade
decreased receptor expression in our tumor models. We
reasoned that the intensity of endothelial cell immunoflu-
orescence in digital images could provide a measure of
protein expression in blood vessels, if the brightness of
vessel-related pixels was distinguished from the number
of vessel-related pixels.

Fluorescence intensity was analyzed in microscopic
images of blood vessels in immunohistochemically
stained sections of RIP-Tag2 tumors, LLC tumors, and
normal pancreatic islets after treatment for 7 days with
AGO013736, VEGF-Trap, or their respective vehicles.
Blood vessels in these tissues were immunoreactive for
VEGFR-2, VEGFR-3, ay integrin, CD31, and CD105 in
endothelial cells and PDGFR-B in pericytes.

Treatment of RIP-Tag2 mice with AG0O13736 for 7 days
had two effects on tumor vessel immunofluorescence.
First, the number of vessel-related pixels decreased with
all endothelial cell markers, because of the 79% de-
crease in number of tumor vessels. Second, the bright-
ness of fluorescence of certain markers decreased in the
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Figure 1. Loss of vessel patency in simple vascular network of trachea after inhibition of VEGF signaling. Fluorescence micrographs showing vasculature of mouse
tracheas stained by intravenous injection of lectin (A—C) and same vessels stained for CD31 immunoreactivity (D and E). Three conditions are compared: A and
D, normal state; B and E, after 2 days of treatment with AG013736; and C and F, after 10 days of treatment with AG013736. After 2 days of treatment the lectin
stains fewer vessels than CD31 because vessel patency is lost and blood flow stops before the CD31 disappears as endothelial cells degenerate. At 10 days, fewer
vessels are evident by either method. Arrows mark regions where the lectin staining and CD31 immunoreactivity do not match. Scale bar, 30 um.

surviving  vessels. VEGFR-2  immunofluorescence
showed the largest change in brightness. Fluorescence
microscopic images and surface plots of vessel fluores-
cence intensity showed conspicuous reductions in
VEGFR-2 immunoreactivity in addition to the large de-
crease in vessel number (Figure 4; A to C). Tumors
stained for CD105 immunoreactivity showed the same
reduction in vessel number but no appreciable change in
vessel brightness (Figure 4; D to F). Measurements con-
firmed that the reduction in brightness of VEGFR-2 immu-
nofluorescence (—49%) was significant but that of CD105
immunofluorescence was not (—10%, Figure 4G).

To determine whether the decrease in VEGFR-2 immu-
nofluorescence resulted from selective pruning of ves-
sels with the highest receptor expression, thereby leaving
vessels with low VEGFR-2 expression, we compared the
range of fluorescence intensities of vessel populations
in RIP-Tag2 tumors with or without treatment with
AGO013736. Because the treatment caused a 79% reduc-
tion in vascularity, leaving 21% of the vessels, we com-
pared the dimmest 21% of vessels in untreated tumors to
the mean brightness of the surviving vessels. Measure-
ments of individual vessels showed that the fluorescence
intensity of the 21% of vessels with least VEGFR-2 ex-
pression (intensity = 125 = 3) in untreated tumors was
significantly greater than the 21% of vessels still present

after treatment (intensity = 83 = 4, n = 4 per group, P <
0.001). This finding suggests that the treatment not only
reduced vessel number but also reduced vessel
VEGFR-2 expression in RIP-Tag2 tumors. Further, the
decrease in VEGFR-2 fluorescence appears to reflect a
change in epitope density on individual vessels rather
than reduced vessel caliber because there was no sig-
nificant change in vessel size (mean diameter 9.7 um
after vehicle compared to 11.6 um) after treatment with
AG013736 for 7 days.

Other measurements showed that reductions in bright-
ness of VEGFR-3 (—29%) and as-integrin (—21%) immu-
nofluorescence were also significant (Figure 4G). How-
ever, changes in brightness of CD31 (—14%) and
PDGFR-B (+5%) were not significant (Figure 4G). VEGF-
Trap had a smaller effect in this assay, reducing bright-
ness of VEGFR-2 immunofluorescence in RIP-Tag2 tu-
mors by 18% (Figure 4H). Treatment of LLC tumors with
AGO013736 for 7 days caused a 52% decrease in vascu-
larity but a much smaller decrease in brightness of
VEGFR-2 immunofluorescence (—16%) than was found in
RIP-Tag2 tumors (Figure 4; | to K).

Overall, the largest decrease in brightness of VEGFR-2
immunofluorescence in tumor vessels coincided with the
largest reduction in vascularity (Table 1), suggesting that
diminished immunofluorescence was indicative of robust
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Figure 2. Reduction in tumor vessel patency and blood flow after inhibition of VEGF signaling. Confocal microscopic images of tumor vessels in RIP-Tag2 mice
treated with vehicle (A, C, E) or AG013736 (B, D, F) for 1 day and injected with lectin before fixation by vascular perfusion. Lectin staining (A, green) of blood
vessels in vehicle-treated tumor closely matches CD31 immunoreactivity (C, red). However, after treatment with AG013736, multiple vessels (arrows) lack lectin
staining (B, green) but have CD31 immunoreactivity (D, red), indicating loss of vessel patency. Vessels without flow appear red in merged images (E, F). Bar
graphs show area density (%) of lectin staining and CD31 immunoreactivity in vessels of RIP-Tag2 tumors after treatment for 1, 2, or 7 days with AG013736 (G)
or VEGF-Trap (H) or their respective vehicle. After 1 or 2 days of treatment by either agent, the area density of lectin staining is significantly less than the amount
of CD31 immunoreactivity. By 7 days, this discrepancy no longer exists, suggesting that the surviving vessels have blood flow. *, Different from vehicle (£ < 0.05).
1, Different from CD31 (P < 0.05). Scale bar, 25 um.

action on tumor vessels. To the extent that brightness of ure 5A). Similar abnormalities were present but less ex-
fluorescence reflects amount of expression, vessels with treme in RIP-Tag2 tumors (Figure 5B).

the highest initial VEGFR-2 expression were most likely to a-SMA-positive pericytes underwent multiple changes
be destroyed or transformed into vessels with lower after treatment with VEGF-Trap (data not shown) or
VEGFR-2 expression. AG013736 for 7 days (Figure 5, C and D). One population

of pericytes became closely associated with surviving
vessels in LLC tumors (Figure 5C) and RIP-Tag2 tumors

Normalization of Pericytes on Tumor Vessels (Figure 5D). These pericytes were more tightly apposed

Pericytes identified by «-SMA immunoreactivity are to endothelial cells than in untreated tumors (compare
loosely associated with endothelial cells in RIP-Tag2 and Figure 5, B and D). Unlike most pericytes in untreated
LLC tumors.'! Bizarre pericyte-endothelial cell relation- tumors, some were oriented circumferentially around ves-

ships were particularly conspicuous in LLC tumors (Fig- sels (Figure 5E), resembling smooth muscle cells on
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Figure 3. Reduction in endothelial sprouts and fenestrations in RIP-Tag2 tumors after inhibition of VEGF signaling. A and B: SEM of outer surface of tumor vessels
showing endothelial sprouts (arrowheads) without treatment (A) but not after treatment with AG013736 for 7 days (B). Processes of pericytes are also visible
(arrows), those without treatment being more loosely associated with the endothelium than after treatment. C and D: Higher magnification SEM showing much
more abundant endothelial fenestrations (arrows) on abluminal surface of untreated tumor vessel (C) than after treatment (D, AG013736, 7 days). E and F: TEM
showing abundance of endothelial fenestrations (arrows) in untreated tumor vessel (E) compared to none after treatment (F, AG0137306, 1 day). In sections of
tumor vessels examined by TEM, 63% and 83% had no fenestrations in the 1- and 7-day AG0137306 groups, respectively, but only 7% had none without treatment.
Scale bar: 5 um (A, B); 1 um (C, D); 0.5 um (E, F).
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arterioles. Another population of a-SMA-positive cells
had no apparent association with blood vessels (Figure
5; F and G). Many of these cells did not co-localize with
the surviving CD31-positive blood vessels (Figure 5, F
and G). As evidence of the greater impact of treatment on
endothelial cells than pericytes, the reductions in CD31
immunoreactivity and lectin staining were more than dou-
ble the reduction in a-SMA immunoreactivity (Figure 5H).
Treatment with AG013736 for 7 days reduced staining of
a-SMA-positive pericytes (—33%) to the same extent as
type IV collagen in basement membrane (—32%) (Figure
5H). Despite their lack of vessel association, virtually all
a-SMA-positive cells co-localized with type IV collagen
(Figure 5l). Cells with PDGFR-B immunoreactivity had
similar properties (data not shown).

Persistence of Vascular Basement Membrane
after Blood Vessel Regression

The basement membrane of blood vessels that regress
naturally during development may persist long after en-
dothelial cells disappear.*®*** We asked whether the
same occurs in tumors after endothelial cell degeneration
is triggered by angiogenesis inhibitors. Using CD31 and
type IV collagen immunoreactivities as markers,'? we
compared the fates of endothelial cells and vascular
basement membrane during blood vessel regression.
Initially, the idea was tested in a simple system by com-
paring the distribution of the two markers in the simple,
well-organized microvasculature of the mouse trachea.
Under baseline conditions, type IV collagen staining con-
sistently co-localized with CD31 staining of tracheal
blood vessels (Figure 6A). However, after treatment with
AG013736 for 7 days, distinct strands of type IV collagen
unaccompanied by CD31 staining indicated the pres-
ence of empty sleeves of basement membrane (Figure
6B). These strands were in locations normally occupied
by ~20% of capillaries. Strands were similarly numerous
in tracheas treated with VEGF-Trap. Absence of lectin
staining showed that the strands were not blood vessels
without endothelial cells (data not shown).

As in the trachea, most CD31-positive blood vessels in
untreated RIP-Tag2 tumors had type IV collagen immu-
noreactivity (Figure 6C), and the area densities of the two
was essentially the same (56% versus 54%). By compar-
ison, after treatment with AG013736 for 7 days, the con-
spicuous loss of CD31-positive vessels was not accom-
panied by a corresponding reduction in type IV collagen
(Figure 6D). Numerous strands of type IV collagen, un-
accompanied by CD31 immunoreactivity, interconnected
the surviving blood vessels (Figure 6D). In LLC tumors,
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some strands of type IV collagen were present in the
absence of treatment (Figure 6E), but they were much
more abundant after treatment with AG013736 (Figure
6F). Strands of type IV collagen that did not co-localize
with CD31 resembled empty sleeves of basement mem-
brane (Figure 6F).

After treatment of RIP-Tag2 tumors with AG013736 for
1, 2, or 7 days, CD31-positive staining decreased by
39%, 70%, and 79%, respectively, but type IV collagen
staining decreased by only 11%, 10%, and 32% (Figure
6G). Once or twice daily treatment with AG013736 for 7
days had about the same effect on the tumor vasculature.
Even after 21 days of once-daily treatment, there was still
a large discrepancy between the reduction in CD31
(—68%) and the reduction in type IV collagen (—31%).
The reduction in CD31-positive vessel density at 21 days
tended to be less than at 7 days (Figure 6G), perhaps
related to tumor shrinkage after longer treatment. How-
ever, the amount of type IV collagen was about the same
as at 7 days, indicating persistence of vascular basement
membrane for at least 21 days of treatment. Treatment of
RIP-Tag2 tumors with VEGF-Trap for 1, 2, or 7 days
resulted in qualitatively similar but quantitatively some-
what smaller reductions in type IV collagen and CD31
immunoreactivities (Figure 6H). Treatment of LLC tumors
with AG013736 for 7 days reduced CD31 staining by
52% but decreased type IV collagen staining by only 3%
(Figure 6l).

Treatment-Induced Decrease in Tumor Size

Treatment of RIP-Tag2 mice with AG013736 for 21 days
resulted in a significant decrease in mean tumor size. In
the AG013736-treated group, tumor sectional areas were
reduced 54% (0.72 = 0.12 versus 1.55 = 0.29 mm?) and
corresponding calculated volumes were reduced 70%
(0.65 + 0.15 versus 2.20 + 0.57 mm®) in comparison to
vehicle-treated mice.

Discussion

The goal of this study was to identify cellular changes in
tumor vessels that reflect the action of VEGF/VEGFR in-
hibitors and show which vessels depend on VEGF sig-
naling for survival. We used two inhibitors, AG013736
and VEGF-Trap, that block VEGF signaling by different
mechanisms. The approach was to characterize changes
in endothelial cells, pericytes, and basement membrane
of blood vessels in mouse models of spontaneous and
implanted tumors, with a focus on the first week of treat-

Figure 4. Reduction in brightness of receptor immunofluorescence and decrease in vessel number after inhibition of VEGF signaling. Fluorescence micrographs
comparing high VEGFR-2 immunoreactivity and high vessel density in vehicle-treated RIP-Tag2 tumor (A) with low VEGFR-2 immunoreactivity and low vessel
density after AG013736 treatment for 7 days (B). Reduced brightness of VEGFR-2 immunoreactivity is illustrated by lower peaks in the surface plot of fluorescence
intensity (C). Reduced vessel number is indicated by fewer peaks (C). By contrast, after staining for CD105 immunoreactivity, vessel brightness is not reduced
by the treatment, but vessel number is clearly reduced (D-F). Consistent with molecule-specific changes in expression levels indicated by brightness of
fluorescence, intensity measurements show significant reductions in VEGFR-2, VEGFR-3, and as-integrin immunoreactivities of RIP-Tag2 tumor vessels after
treatment with AG013736 for 7 days but little or no reduction in CD105, CD31, or PDGFR-B (G, values for vehicle normalized to 100%). VEGF-Trap for 7 days
also reduced brightness of VEGFR-2 immunofluorescence in RIP-Tag2 tumor vessels, but the change was smaller (H, values for vehicle normalized to 100%).
AG013736 had a smaller effect (—16%) on brightness of VEGFR-2 immunofluorescence in LLCs than found in RIP-Tag2 tumors, both in fluorescence micrographs
(I, ) and surface plot (K). *, Different from corresponding vehicle (P < 0.05). 1, Different from VEGF-Trap (P < 0.05). Scale bar, 80 um.
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ment. Among the most conspicuous changes in tumor
vessels were early loss of patency and blood flow, almost
total disappearance of endothelial fenestrations and
sprouts, eventual loss of endothelial cells, and appear-
ance of empty sleeves of blood vessel-derived basement
membrane. In RIP-Tag2 tumors, the ~20 to 30% of ves-
sels that survived treatment for 7 days were distinctly
different from those present at the outset. Surviving ves-
sels had a superficially normal appearance and were
accompanied by pericytes with a normalized phenotype,
but the vessels lacked endothelial fenestrations typical of
normal islet vessels and had reduced expression of
VEGFR-2 and VEGFR-3. These features not only give
insight into the process of blood vessel regression but
also reflect the potent anti-vascular activity of VEGF/
VEGFR inhibitors.

Loss of Vessel Patency and Blood Flow

Cessation of blood flow in selected blood vessels was an
early sign of drug action in RIP-Tag2 tumors. The affected
vessels were not stained by lectin in the bloodstream but
did have CD31 immunoreactivity. Such vessels were rare
before treatment, were abundant at 1 day, peaked at 2
days, and largely disappeared by 7 days. At the final time
point, there was minimal mismatch between lectin stain-
ing and CD31 immunoreactivity despite the marked re-
duction in overall number of vessels. These results sug-
gest that vessel closure precedes endothelial cell
regression. Although the sequence of events during the
first 24 hours still need to be determined, the results thus
far are consistent with findings made in the developmen-
tally transient capillary network in the papillary membrane
of the eye, which regresses by synchronous apoptosis of
endothelial cells after blood flow ceases.”® The wave of
apoptosis after cessation of flow may be mediated by
VEGF deprivation.*® VEGF/VEGFR inhibition can reduce
tumor vessel diameter to the point where blood flow
stops.?® Cessation of flow would eliminate the shear
stress that plays a role in endothelial cell survival.*” Meth-
ods that detect changes in blood flow may prove useful in
assessing early evidence of VEGF/VEGFR inhibition, but
the effects would be restricted to responsive vessels, and
overall tumor blood flow may not reflect the magnitude of
changes in individual vessels.®2

Loss of Endothelial Cell Fenestrations

Both VEGF-Trap and AG013736 sharply reduced endo-
thelial fenestrations in blood vessels of RIP-Tag2 tumors
within 24 hours and nearly eliminated them by 7 days.
Considering that VEGF-Trap has selectivity for VEGF,?’

Action of VEGF Inhibitors on Tumor Vessels 47
AJP July 2004, Vol. 165, No. 1

the similarity of the effect of the two agents suggests that
the loss of fenestrations results from inhibition of a key
action of VEGF on endothelial cells. Although AG013736
acts on multiple receptors, it is more potent for VEGFR
than for PDGFR-,%° and the dose used in these studies
was chosen to produce plasma concentrations in mice
that favor greater inhibition of VEGFR signaling than
PDGFR-B signaling (unpublished observations). These
findings emphasize that endothelial fenestrations in tu-
mor vessels are not only VEGF-dependent but also dy-
namic in nature. Topical application of VEGF can induce
endothelial fenestrations within 10 minutes in normally
nonfenestrated blood vessels of muscle.*© The dynamic
nature of endothelial fenestrations in tumor vessels
makes these structures potentially useful as a biomarker
for assessing the activity of VEGF/VEGFR inhibitors.

The magnitude of the reduction in fenestrations was
consistent with extent of vessel loss, both in RIP-Tag2
tumors and normal thyroid. It is unclear whether differ-
ences in the magnitude of the effects of the two inhibitors
on thyroid vessels reflect differences in local concentra-
tion, target specificity, or pharmacokinetics. As VEGF is a
known survival factor for some blood vessels'® and an
inducer of fenestrations,*® abundant endothelial fenestra-
tions in tumor vessels may be a sign of exceptional
susceptibility to VEGF/VEGFR inhibition. A link between
endothelial fenestrations and sensitivity to VEGF/VEGFR
inhibitors could be useful in identifying tumors that are
likely to respond favorably to these agents. Yet presence
of endothelial fenestrations is not the only criterion gov-
erning susceptibility because more than half of the non-
fenestrated vessels in LLC tumors were destroyed by
AG013736.

Reduced VEGFR-2 and VEGFR-3
Immunofluorescence

Treatment with AG0O13736 for 7 days reduced by half the
intensity of VEGFR-2 immunofluorescence in blood ves-
sels of RIP-Tag?2 tumors but caused a smaller reduction
in LLC tumors. VEGF-Trap had a similar but smaller effect
on RIP-Tag2 tumors. These changes were superimposed
on the large reduction in vessel number. Our experiments
addressed the question of whether the intensity of immu-
nofluorescence provides a meaningful index of expres-
sion of VEGFR-2, VEGFR-3, and other endothelial cell
proteins. We reasoned that changes in receptor immu-
noreactivity might reflect treatment-induced changes in
expression. Our results are consistent with evidence from
in situ hybridization and immunofluorescence histochem-
istry showing that inhibition of VEGF signaling down-
regulates VEGFR-2 expression in tumor vessels and cer-

Figure 5. Tightening of pericytes on tumor vessels after inhibition of VEGF signaling. Confocal microscopic and SEM images show changes in pericyte-endothelial
cell relationships (arrows) in tumor vessels. In vessels of LLC, a-SMA immunoreactive pericytes (A, red) are loosely attached to CD31-positive endothelial cells
(green). A similar loose association of pericytes to endothelial cells is also evident by SEM in RIP-Tag2 tumor vessels (B). By comparison, after treatment with
AGO0137306 for 7 days, a-SMA-positive pericytes are tighter on endothelial cells imaged by immunofluorescence (C) or SEM (D). Pericytes on some treated vessels
acquire a smooth muscle-like phenotype (E). RIP-Tag2 tumor vessels still present after AG0137306 for 7 days (F) are accompanied by a disproportionately large
number of a-SMA-positive cells, many of which are not associated with blood vessels (G). After treatment with AG013736, reductions in a-SMA and type IV
collagen immunoreactivities are about the same but are much less than corresponding reductions in CD31 and lectin (H, values for vehicle normalized to 100%).
After the ~80% reduction in RIP-Tag2 tumor vessels treated with AG013736 for 7 days, most a-SMA-positive cells are still covered by type IV collagen basement
membrane (D). *, Different from corresponding vehicle (7 < 0.05). t, Different from CD31. Scale bar: 20 wm (A, C); 5 um (B, D); 500 um (F, G); 50 wm (D).
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tain normal capillaries.®'742 Therefore, it may be
feasible to monitor the action of VEGF/VEGFR inhibitors
by following changes in receptor expression. These find-
ings warrant further study of how angiogenesis inhibitors
affect expression of their molecular targets.

Change in Pericyte Phenotype

Pericytes are present on >97% of blood vessels in the
tumor models we studied, but they have multiple abnor-
malities including a loose association with endothelial
cells."" Defective recruitment of pericytes to tumor ves-
sels may result from disturbances in endothelial cell sig-
naling. Blood vessels in mice deficient in PDGF-B or
PDGFR-B do not recruit pericytes and have abnormalities
reminiscent of those of tumor vessels.'®*® Treatment with
AG013736 or VEGF-Trap normalized the phenotype of
some pericytes, as manifested by a tighter association
with endothelial cells of surviving vessels. This change is
consistent with previous reports of the normalization of
tumor vessels by VEGF/VEGFR inhibition.®2%® Because
this change in pericyte phenotype was found not only
with AG013736 but also with ligand-specific VEGF-Trap,
it is likely to result from inhibition of VEGF signaling.
Receptor tyrosine kinase inhibitors that target PDGFRs
reportedly produce pericyte loosening®® or detach-
ment®%4° from endothelial cells of tumor vessels, arguing
against a direct role of PDGFR inhibition in the changes
we observed.

Blood vessels in some tumors are reportedly suscep-
tible to VEGF deprivation because they are immature as
indicated by lack of pericytes.®° This implies that VEGF/
VEGFR inhibitors should eliminate pericyte-free vessels
and leave ones with pericytes. However, this did not
occur. Treatment with AG013736 or VEGF-Trap elimi-
nated more than half of the vessels in RIP-Tag2 and LLC
tumors despite the presence of pericytes.”' SU5416 has
a similar effect in RIP-Tag?2 tumors.3¢-°" VEGF-Trap elim-
inates most vessels, including those with pericytes, in
intrarenal Wilms’ tumors in mice.®' These observations
indicate that disruption of endothelial cell function by
antagonism of VEGF signaling leads to altered pericyte
function, consistent with the interdependency of endothe-
lial cells and pericytes in angiogenesis.®? They also sug-
gest that functional abnormalities rather than absence of
pericytes may contribute to susceptibility of tumor ves-
sels to VEGF/VEGFR inhibition.

Blood vessels still present in RIP-Tag2 tumors after a
7-day treatment differed from those in untreated tumors
and from those in normal pancreatic islets. Unlike their
untreated counterparts, tumor vessels surviving treat-
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ment had almost no endothelial fenestrations and re-
duced expression of VEGFR-2 and VEGFR-3. Therefore,
any normalization induced by treatment did not include
reversion of vessels to their original phenotype. We can-
not exclude that some of the remaining vessels always
had these features and were revealed by pruning away
the susceptible ones. But the new phenotype was more
likely created by transformation of vessels during treat-
ment, as evidenced by the disappearance of endothelial
fenestrations within 24 hours, well before most of the
responsive vessels degenerated, and reduction of
VEGFR-2 expression to levels not normally found. In any
case, the treatment created tumor vessels with a distinct
phenotype. The appearance of such vessels in tumors is
an indicator of response to VEGF/VEGFR inhibition and
evidence of a type of vessel that may be resistant to this
treatment.

After treatment with AG013736 or VEGF-Trap, fewer
pericytes regressed than endothelial cells. Many surviv-
ing a-SMA-positive cells were not associated with tumor
vessels, presumably because their endothelial cells had
degenerated, but curiously, most were still enveloped by
basement membrane. This feature favors the identifica-
tion of these cells as pericytes instead of myofibroblasts.
The similarly small reductions in pericytes and basement
membrane raise the possibility that surviving pericytes
contribute to the persistence of the vascular basement
membrane after endothelial cells degenerate. This pos-
sibility suggests that targeting pericytes and/or vascular
basement membrane concurrently with endothelial cells
may augment the destruction of tumor vessels. The com-
plementary effects of inhibiting VEGFR and PDGFR sig-
naling are consistent with this idea.333¢

Vessel-Like Remnants of Basement Membrane

Our experiments showed that treatment with AG013736
or VEGF-Trap destroyed many blood vessels in RIP-Tag?2
and LLC tumors, but the vascular basement membrane,
reflected by type IV collagen immunoreactivity, persisted
after endothelial cells regressed. These findings are con-
sistent with observations in several other experimental
models of vascular regression. The tunica vasculosa
lentis, which is part of the hyaloid vasculature of the
developing eye, regresses after birth. Regression of
the cellular components of the blood vessels leaves
sleeves of basement membrane designated intercapillary
strands,** which appear identical to those we observed
in tumors. Similarly, models of injury have shown that the
basement membrane of capillaries as well as that of
peripheral nerves, skeletal muscle fibers, and renal tu-

Figure 6. Persistence of vascular basement membrane after endothelial cells degenerate. Confocal micrographs show co-localization of CD31 immunoreactivity
(green) and type 1V collagen immunoreactivity (red) on simple vasculature of normal adult mouse trachea (A). After treatment with AG013736 for 7 days, sleeves
of type IV collagen immunoreactivity devoid of CD31 immunoreactive endothelial cells are present among blood vessels of the tracheal mucosa (B, arrows).
Similarly, in vehicle-treated RIP-Tag2 tumors, CD31 and type IV collagen immunoreactivities co-localize on most vessels (C), but after treatment with AG013736
for 7 days, empty sleeves of type IV collagen immunoreactivity are abundant (D, arrows). In LLC, some type IV collagen sleeves are present without treatment
(E, arrows) but are much more numerous after treatment (F, arrows). Measurements show that area densities of CD31 and type IV collagen immunoreactivities
were about the same in vehicle-treated RIP-Tag2 tumors, but after treatment with AG013736 for 1 to 21 days (d, twice daily; d+, once daily), CD31
immunoreactivity decreased much more than type IV collagen (G). This difference was detectable even at 1 day. A similar discrepancy was found after treatment
with VEGF-Trap (H). In LLC, type IV collagen immunoreactivity remained essentially unchanged after treatment with AG013736 for 7 days despite the 52%
reduction in CD31 staining (I). *, Different from corresponding vehicle (P < 0.05). 1, Different from type IV collagen. Scale bar: 30 wm (A, B); 50 um (C-F).
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bules can persist after the parenchymal elements disap-
pear.*® Blood vessels in tumors and in patients with dia-
betes mellitus have multiple layers of basement
membrane, suggesting that there are recurrent cycles of
vascular degeneration and regeneration in chronic con-
ditions.'2“2 In the systems we examined, the vascular
basement membrane persisted for at least 10 days in the
tracheal model and 21 days in RIP-Tag2 tumors. To-
gether, these results suggest that basement membrane
ghosts are a historical record of previously existing blood
vessels. Thus, unlike loss of endothelial fenestrations that
may be VEGF-dependent, the appearance of basement
membrane sleeves may be a manifestation of blood ves-
sel regression regardless of the mechanism.

The persistence of the vascular basement membrane
after tumor vessels degenerate warrants careful consid-
eration from a cancer therapeutic perspective because
empty sleeves of basement membrane may provide a
scaffold for vascular regrowth in tumors after cessation of
treatment. Injury to a skeletal muscle can create capillar-
ies with two layers of basement membrane, an outer layer
formed before the injury and an inner layer formed after
the injury,*® suggesting that regenerating endothelial
cells use the original outer basement membrane as a
scaffold for angiogenesis and form a new inner basement
membrane during regrowth. Vessels in RIP-Tag2 tumors
appear to regrow along basement membrane strands
after treatment is stopped (unpublished observations).
The process resembles axonal regeneration in peripheral
nerves. Moreover, because the longer isoforms of VEGF
have a heparin-binding domain,®® heparan sulfate pro-
teoglycans in the vascular basement membrane may
serve as a reservoir of VEGF. For these reasons it may be
necessary to consider strategies for targeting basement
membrane strands after endothelial cells have been de-
stroyed by VEGF/VEGFR inhibitors.

Functional Significance of VEGF Dependence of
Blood Vessels

A key question is whether the observed effects of
AG013736 and VEGF-Trap on tumor vessels translate
into therapeutic benefit. Both agents were selected be-
cause they are potent inhibitors of VEGF signaling and
have documented efficacy in preclinical tumor mod-
els.21:27:31:35 Although the main focus of the present stud-
ies was to analyze direct effects on tumor vessels during
the first week, prolongation of treatment to 3 weeks was
indeed accompanied by significant reduction in tumor
mass. Further studies are needed to evaluate in depth the
relationship between vascular changes and anti-tumor
efficacy. Additional studies are also necessary to deter-
mine whether changes in tumor vessels similar to those
we observed are produced by agents that inhibit angiogen-
esis through mechanisms unrelated to VEGF signaling.
Another important question raised by these studies is
the functional significance of VEGF dependence of some
normal capillaries in adult animals. A more complete
understanding will require further studies, but previous
experiments have shown that ~20% of normal capillaries

of the mouse trachea regress after VEGF/VEGFR inhibi-
tion and thus appear to depend on VEGF for survival.®”
This dependence is age-related but still present in 16-
week-old mice.®” The present studies revealed VEGF
dependence of an even larger proportion (~50%) of
normal thyroid capillaries in adult mice. In both the tra-
chea and thyroid, all of the susceptible vessels were
capillaries. In neither case was the loss of capillaries
accompanied by weight loss or other evidence of im-
paired health,3” but further investigations are warranted,
including studies of the dose-response characteristics of
normal vessels and tumor vessels to inhibitors of VEGF
signaling.

Finally, it will be important to determine whether the
presence of endothelial fenestrations in capillaries is a
clue to unusual sensitivity to VEGF/VEGFR inhibition. If
so, tumors with fenestrated blood vessels, such as those
arising in endocrine glands or the gastrointestinal tract,
may be particularly sensitive to VEGF/VEGFR inhibition.
Novel surrogate markers of vessels with endothelial fen-
estrations may help to rationalize therapy by predicting
which tumors are likely to respond to inhibitors of VEGF
signaling.

Conclusions

These studies of cellular changes produced in blood
vessels of two mouse tumor models by AG013736 and
VEGF-Trap show that these inhibitors of VEGF signaling
do much more than block growth of new tumor vessels.
The agents had multiple effects that may prove useful in
understanding the dependence of tumor vessels on
VEGF for survival, the process of blood vessel regres-
sion, and the action of angiogenesis inhibitors. Within the
first 24 hours, patency was lost and flow ceased in some
tumor vessels. Most endothelial fenestrations and sprouts
disappeared. Responsive vessels, representing as much
as 80% of the tumor vasculature, were eliminated
throughout the first week. Surviving vessels had a differ-
ent phenotype, with no fenestrations and reduced
VEGFR-2 and VEGFR-3 expression. Tumor vessels lack-
ing fenestrations were less responsive to the inhibitors.
Additional studies will be needed to determine whether
all tumor vessels with endothelial fenestrations are de-
pendent on VEGF for survival, but our findings suggest
that this phenotype of tumor vessel is exceptionally re-
sponsive to VEGF/VEGFR inhibition. Endothelial cell re-
gression occurred despite the presence of pericytes and
was not accompanied by simultaneous loss of vascular
basement membrane. Sleeves of type IV collagen re-
mained as telltale markers of destroyed vessels. Because
basement membrane remnants may serve as a scaffold
for tumor revascularization, they provide another poten-
tial therapeutic target. These results will hopefully lead to
a better understanding of the action of VEGF/VEGFR
inhibitors on tumor vessels and stimulate the develop-
ment of innovative ways to assess their in vivo action and
predict which tumors will be most responsive.
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We have explored molecular specialization of the vas-
culature of regenerating wound tissue in the skin and
tendons to identify a different repertoire of markers
from that obtained by studying tumor vasculature. We
screened a phage-displayed peptide library for peptides
that home to wounds in mice and identified two pep-
tides that selectively target phage to skin and tendon
wounds: CARSKNKDC (CAR) and CRKDKC (CRK). CAR
is homologous to heparin-binding sites in various pro-
teins and binds to cell surface heparan sulfate and hep-
arin. CRK is similar to a segment in thrombospondin
type 1 repeat. Intravenously injected CAR and CRK
phage, as well as fluorescein-labeled CAR and CRK pep-
tides, selectively accumulated at wound sites, where
they partially co-localized with blood vessels. The CAR
peptide showed a preference for early stages of wound
healing, whereas the CRK favored wounds at later
stages of healing. The CAR peptide was internalized into
the target cells and delivered the fluorescent label into
the cell nuclei. These results identify new molecular
markers in wound tissues and show that the expression
of these markers in wound vasculature changes as heal-
ing progresses. The peptides recognizing these mark-
ers may be useful in delivering treatments into re-
generating tissues. (4mJ Pathol 2007, 171:702-711; DOI:
10.2353/ajpath.2007.061251)

Tissue regeneration, inflammation, and tumors induce the
growth of new blood vessels from pre-existing ones. This
process, angiogenesis, is a vital requirement for wound
healing because the formation of new blood vessels al-
lows a variety of mediators, nutrients, and oxygen to
reach the healing tissue.’® Newly formed blood vessels
differ in structure from pre-existing vasculature. Such
differences have been extensively characterized by com-
paring tumor vasculature to normal vessels.”~¢ Angio-
genic vessels in nonmalignant tissues and in premalig-
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nant lesions share markers with tumor vessels,”® but
distinct markers also exist.?'°

Here, we use in vivo screening of phage-displayed pep-
tide libraries to probe vascular specialization. This method
has revealed a surprising degree of heterogeneity in the
vasculature; tissue-specific homing peptides have been
identified for a large number of normal organs and tis-
sues,”™"® and tumors and atherosclerotic lesions have
been shown to carry their own vascular markers, both in the
blood vessels and in lymphatics.®'*'® We reasoned that
surveying nonmalignant angiogenesis might reveal a differ-
ent repertoire of markers than has been obtained by study-
ing tumor vasculature. We chose wounds as the target
because wounds are one of the few nontumor locations
where angiogenesis takes place in an adult organism.

In this study, we report on two peptides that specifically
deliver the phage or peptide-coupled fluorophor to wound
microvasculature after intravenous injection. These pep-
tides seem to be different from previously described tumor-
homing peptides and they reveal changes in the molecular
profile of wound vasculature as the wound heals.

Materials and Methods

Materials

Heparinase | (Flavobacterium heparinum; heparin lyase, EC
4.2.2.7), heparinase Il (F. heparinum; heparin-sulfate lyase,
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EC 4.2.2.8), and heparin immobilized on acrylic beads were
purchased from Sigma-Aldrich (St. Louis, MO).

Generation of Wounds

Wound experiments were performed in 6- to 8-week-old
male Sprague-Dawley rats and BALB/c mice. Rats were
anesthetized with an intraperitoneal injection of 50/50%
ketamine-xylaxine, and an intraperitoneal injection of
2.5% avertin (Sigma-Aldrich) was used for mice. Skin was
shaved, cleaned, and disinfected with povidone-iodine
(Betadine; Sigma-Aldrich) and 70% alcohol. All animal
experiments were approved by the Institutional Animal
Care and Use Committee of Burnham Institute for Medi-
cal Research.

Two types of injuries were used with patellar tendons.
For phage screening in rats, patellar tendons were ex-
posed through small skin incisions placed on the lateral
side of the joint, so that the skin wound and tendon
wound were not in direct contact with each other. Six
longitudinal, full-length incisions were made into the ten-
don. Full-thickness incision wounds, 1.5 cm in length,
were made in skin on the back of the animal. The skin
wounds were left uncovered without a dressing. For
quantification of phage homing and peptide injections,
two size 11 surgical scalpels were placed side-by-side
and the central third of the patellar tendon was removed
analogous to the graft used in anterior cruciate ligament
reconstruction. Achilles tendons were wounded by mak-
ing four longitudinal, full-length incisions into the tendon.
Skin wounds were 8-mm circular, full-thickness excision
wounds, made to the skin with a biopsy punch. None of
the procedures prevented the animals from bearing
weight and moving immediately after the operation and
without a noticeable limp.

Phage Libraries, Library Screening,
and Individual Phage Clones

The libraries were prepared by using NNK-oligonucleotides
encoding a random library of cyclic peptides of the general
structure CX,C (C, cysteine; X, any amino acid). The oligo-
nucleotide mixture was cloned into the T7Select 415-1 vec-
tor according to the manufacturer’s instructions (Novagen,
Madison, WI). This vector displays peptides in all 415 cop-
ies of the phage capsid protein as a C-terminal fusion.
Libraries with this structure have yielded numerous high-
affinity cell-binding peptides.®'!16:17

The screening process involved three in vivo selection
rounds, performed essentially as described.'” Eight-
week-old Sprague-Dawley rats were injected with the
library [1 to 5 X 10"" phage in 1.5 ml of phosphate-
buffered saline (PBS)] through the tail vein or intracardi-
ally and were perfused 12 minutes later through the heart
with 1% bovine serum albumin in Dulbecco’s modified
Eagle’s medium to remove unbound intravascular phage.
The short circulation time focused the screening on the
blood vessels because the intact phage cannot readily
access extravascular tissue. It also minimized any neu-
tralization or processing of the phage in the tissues. The
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first in vivo round included 19 animals with both patellar
tendon and skin wounds, which were separately pooled.
The second round used separate sets of three animals for
tendon and skin wound screening, and the third round
was performed with one wound of each kind.

The following primers, expressing the indicated pep-
tides, were used to prepare phage: CAR, 5-AATTCCT-
GCGCGCGTTCGAAGAATAAGGATTGCTA-3" and 5'-
AGCTTAGCAATCCTTATTCTTCGAACGCGCGCAGG-3;
CRK, 5'-AATTCCTGCCGGAAGGATAAGTGCTA-3" and
5"-AGCTTAGCACTTATCCTTCCGGCAGG-3’; CAQSNN-
KDC, 5'-AATTCCTGCGCGCAGTCGAACAATAAGGAT-
TGCTA-3" and 5'-AGCTTAGCAATCCTTATTGTTCGACT-
GCGCGCAGG-3'; CAR2, 5'-AATTCCTGCGCTAGGTCT-
ACTGCTAAGACTTGCTA-3' and 5'-AGCTTAGCAAGT-
CTTAGCAGTAGACCTAGCGCAGG-3'; and CRASKC,
5'-AATTCCTGCCGGGCATCTAAGTGCTA-3' and5'-AGC-
TTAGCACTTAGATGCCCGGCAGG-3'. To test single
phage clones in vivo, 1 X 10'° phage in 1.5 ml of PBS
were injected through the tail vein. After the circulation
period and perfusion, tissue samples were harvested and
weighed. Phage titers per mg of wet tissue were then
determined, and the results were expressed as the ratio
between the titer of the test clone and nonrecombinant
control phage in the same tissue.

Peptides

Peptides were synthesized with an automated peptide
synthesizer by using standard solid-phase fluorenylme-
thoxycarbonyl chemistry. During synthesis, the peptides
were labeled with fluorescein using an amino-hexanoic
acid spacer as described.'® Each individual fluorescein-
conjugated peptide was injected intravenously into the
tail vein of rats or mice with wounds. The peptides were
allowed to circulate for different periods of time, followed
by heart perfusion. Tissues were embedded into OCT
(Tissue-Tek; Sakura Finetek U.S.A., Inc., Torrance, CA)
and processed for microscopy.

Immunohistochemistry

Frozen tissue sections were fixed in acetone for 10 minutes
and incubated with 0.5% blocking reagent for 1 hour (NEN
Life Sciences, Boston, MA). Tissue sections were incubated
with the primary antibody overnight at 4°C. The following
monoclonal antibodies (mAbs) and polyclonal antibodies
(pAbs) were used: rabbit anti-T7-phage affinity-purified pAb
(1:100),"” rat anti-mouse CD31 mAb (1:200; BD Pharmin-
gen, San Diego, CA) and rabbit anti-fluorescein isothiocya-
nate (FITC) pAb (1:200; Invitrogen, Carlsbad, CA). The pri-
mary antibodies were detected with labeled secondary
antibodies, and each staining experiment included sections
stained with species-matched immunoglobulins as nega-
tive controls. The sections were washed several times with
PBS, mounted in Vectashield mounting medium with 4,6-
diamidino-2-phenylindole (DAPI) (Vector Laboratories, Bur-
lingame, CA) and visualized under an inverted fluorescent
or light microscope.
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Cell Culture

Chinese hamster ovary cells (CHO-K) were obtained from
the American Type Culture Collection (Rockville, MD).
The pgsA-745 mutant cell ling,'® which is derived from
CHO-K, was kindly provided by Dr. J. Esko (University of
California at San Diego, La Jolla, CA). Cells were main-
tained in a-minimal essential medium and Earle’s salt
supplemented with 10% fetal bovine serum, 100 ug/ml
streptomycin sulfate, 100 U of penicillin G/ml, and 292
pg/ml L-glutamine (Invitrogen).

Cell Binding Assays

Cells were detached with 0.5 mmol/L ethylenediaminetet-
raacetic acid solution (Irvine Scientific, Santa Ana, CA),
washed with PBS, and resuspended in 1% bovine serum
albumin plus a-minimal essential medium. For the phage
binding experiments, ~1 X 10'° phages were added to
15 ml of culture media containing ~1 X 10° cells in a test
tube. The samples were rotated for 2 hours at +4°C. The
cells were then washed six times and transferred to a new
tube. After a final wash, the cells were counted and
cell-bound phage titers were determined. Heparinase
treatment of the CHO-K cells was performed using 1.5
IU/ml heparinase | and 1.25 IU/ml heparinase Il in serum-
free culture media for 2 hours.

Peptide binding to cells was studied essentially as
described above for phage. Peptides were tested at 5
wmol/L concentration, with or without 5 X 10° phage.
After incubation on ice for 30 minutes, the cells were
washed and resuspended with PBS containing 2 ng/ml of
propidium iodide (Invitrogen) and analyzed using a FACScan
flow cytometer (BD Biosciences, San Jose, CA).

To study peptide internalization, CHO-K cells or human
umbilical vein endothelial cells seeded on plastic coverslips
were incubated with 10 umol/L fluorescein-conjugated pep-
tides for 30 minutes to 72 hours, washed three times with
PBS, and fixed with 4% paraformaldehyde for 20 minutes at
room temperature. After several washes with PBS, the nu-
clei were visualized by staining with DAPI, and the slides
were mounted with ProLong Gold anti-fade reagent (In-
vitrogen). The images were acquired using Olympus X81
inverted and Olympus Fluoview FV1000 confocal micro-
scopes (Olympus, Melville, NY). Z-stack images were
taken by confocal microscope every 1 um through the
cells.

Heparin Binding

To measure phage binding to heparin, heparin-coated
acrylic beads 10% (v/v) were suspended in 20 mmol/L
Na,HPO, buffer, pH 7.2, containing 0.2 mol/L NaCl.?°
Approximately 5.0 X 10° phage particles were incubated
with the beads for 1 hour at room temperature. The beads
were washed, transferred to new tube, and bound phage
was eluted with 1.2 mol/L NaCl (pH 7.2) and titrated.?°

Statistical Analysis

Differences between the various treatments were statis-
tically tested using the Student’s unpaired t-test, whereas

the phage homing to wounds versus sham-operated tis-
sues was analyzed using the Student’s paired t-test. For
comparisons of multiple groups, statistical analysis was
performed by two-way analysis of variance comple-
mented by the Bonferroni post hoc test for pair-wise
comparisons between the test groups. The possible dif-
ference in the homing of the different phage clones to
wounds was assessed using the log-transformed vari-
ables. P values of less than 0.05 were considered statis-
tically significant for all tests. The significance level
shown refers to two-tailed test.

Results

Identification of Homing Peptides by Phage
Display

To identify candidate peptides that home into the vascu-
lature in healing wounds, we screened phage libraries in
vivo. A T7-phage library (diversity 9 X 108) was intrave-
nously injected into rats 5 days after wounding of the skin
and tendons. The 5-day time point was chosen because the
number of blood vessels in the healing wound peaks at that
time.2"~2* Separate screens for phage that home to tendon
or skin wounds yielded phage pools with increased affinity
for the target tissues. Sequencing of individual phage
clones revealed two candidate homing motifs in the se-
lected pools. The sequence CARSKNKDC (referred to as
CAR) and a related sequence CARSTKATC (CAR2) were
obtained in a tendon wound screen. BLAST analysis®®
showed that the CAR sequence is similar to the main
heparin-binding site (RARKKNKNC) of bone morphoge-
netic protein 4 (BMP4). Another peptide, CRKDKC, was
identified once in each of two independent screens on
skin wounds. The CRK sequence shows some similarity
with sequences in thrombospondin type 1 and type 3
repeats, which are present in a large number of extracel-
lular matrix proteins. The CRK sequence is shorter than
the structure of the CX,C library would predict; a modi-
fied peptide structure is a relatively common occurrence
in phage screening.® The sequence contains a cysteine
residue at both ends, which are likely to form a cyclizing
disulfide bond. These clones were chosen for further
analysis.

The CAR phage homed 100- to 140-fold more efficiently
to wounds in the patellar and Achilles tendons and in the
skin than nonrecombinant phage (Figure 1A, solid bars). In
contrast, similar numbers of both the CAR phage and con-
trol phage were seen in liver, kidney, heart, lung, spleen,
normal skin, and normal Achilles and patellar tendons (Fig-
ure 1A). Immunohistochemistry showed that the CAR
phage primarily co-localized with blood vessels (Supple-
mental Figure 1, see http://ajp.amjpathol.org). CAR2 was
less effective as a wound homing phage than CAR (see
below).

To confirm the specificity of the homing for wound tissue,
we induced wounds in the patellar and Achilles tendons of
the left hind limb, while subjecting the tendon areas in the
right hind limb to a sham operation. The sham operation
consisted of a skin incision that exposed the tendon but left
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Figure 1. Homing specificity of two wound-homing phage clones. CAR phage
(solid bars) or CRK phage (open bars) were injected into rats via tail vein, tissues
were dissected 12 minutes later, and phage was recovered and quantified from
wounds in patellar and Achilles tendons and skin. Sham-operated (exposed)
tendon, normal skin, and other normal tissues were used as controls as indi-
cated. Results are expressed as fold titers relative to that of similarly injected
nonrecombinant T7 phage (A) or sham-operated contralateral tendon or normal
skin after adjusting the output for the wet weight of the tissue samples (B). Sham
skin refers to skin incision wounds made on the lateral side of the right knee,
when the patellar tendon was exposed in the sham-operation. Error bars rep-
resent mean * SEM of 11 experiments for wounds and 4 experiments for control
tissues. A: Two-way analysis of variance; B: paired Student’s +test. Both the CAR
and CRK phage homed to each of the wound tissues significantly more strongly
(P < 0.001 or smaller) than the control (nonrecombinant) phage. The CAR
phage showed significantly stronger homing than CRK phage to all wounds (P
< 0.01 or smaller). Normal tendons* indicates combined data from normal
Achilles and patellar tendons.

it otherwise intact. We compared in vivo phage homing to
wounded tissue versus the corresponding normal tissue in
the same animal in this model. On day 5 after wounding, the
CAR phage homed 220- to 370-fold more to the wounded
tendons compared with the contralateral intact tendons and
to wounded skin compared with intact skin distant from the
wound sites (Figure 1B, solid bars).

Intravenously injected CRK phage homed to 5-day
tendon and skin wounds ~50 times more than nonre-
combinant control phage (Figure 1A, open bars; and
Supplemental Figure 2, see http://ajp.amjpathol.org).
Comparison to the corresponding healthy tissues on the
contralateral side showed nearly 80-fold preference for
tendon and skin wounds (Figure 1B, open bars). In con-
trast, there were no significant differences between CRK
phage and control phage in samples recovered from the
liver, kidney, heart, lung, spleen, normal skin, or normal
tendons (Figure 1A). Like the CAR phage, the CRK
phage co-localized with blood vessels (Supplemental
Figure 2, see http://ajp.amjpathol.org). Finally, we also
recloned both the CAR and CRK sequences into the T7
vector and showed that the resulting phage clones
homed to wounds as effectively as the original phage (the
homing data obtained with the original and new phage
clones have been pooled in Figure 1).
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Sequence Specificity of Wound Homing by CAR
and CRK

In the same tendon wound screen that produced the CAR
sequence, we identified a peptide with a somewhat re-
lated sequence, CARSTKATC (CAR2). We generated a
CAR mutant phage by changing two basic amino acids to
neutral ones (CARSKNKDC mutated to CAQSNNKDC).
Both CAR2 and the mutant phage showed impaired
wound-homing properties: the CAR2 phage had ~20% of
the homing activity of CAR and the mutant phage was
essentially inactive in homing (Supplemental Figure 3,
A-C, see http://ajp.amjpathol.org). We also generated a
mutant CRK phage by changing two amino acids (from
CRKDKC to CRASKC). The mutant phage had also al-
most completely lost the homing ability (Supplemental
Figure 3, A-C, see http://ajp.amjpathol.org). The loss of
activity as a result of the sequence changes emphasizes
the role of the basic amino acids in the homing activity
and attests to the specificity of the homing.

Synthetic CAR and CRK Peptides Accumulate
in Wounds

We synthesized the CAR and CRK peptides as fluores-
cein (FITC) conjugates and tested their tissue distribution
after intravenous injection to mice and rats with tendon
and skin wounds. Both peptides produced strong fluo-
rescent signal in the wounds that partially co-localized
with CD31-positive cells at 4 and 8 hours after the injec-
tion (Figures 2 and 3). CAR2, even though slightly active
at the phage-homing level, produced no accumulated
fluorescence, and an unrelated five amino acid control
peptide (KAREC) also gave no detectable signal in the
wounds. Because of an autofluorescent background in
wounds, the fluorescein-labeled peptides were also de-
tected with an anti-FITC antibody, and the signal was
thus amplified and converted to a nonfluorescent dye.
The antibody staining confirmed the localization of the
fluorescein label in the granulation tissue, particularly at
later time points when the fluorescent signal was weak.
The fluorescent signal produced by CAR and CRK in
nontumor tissues (liver, kidney, lung, and spleen) did not
differ from that of the fluorescein-labeled CAR2 or KAREC
peptides used as controls (Supplemental Figure 4A, see
http://ajp.amjpathol.org). In agreement with the phage re-
sults, no CAR or CRK peptide accumulated in normal skin
(Supplemental Figure 4B, see http.//ajp.amjpathol.org) or
tendons (not shown).

Healing Stage-Dependent Changes in Phage
Homing

To determine the extent our wound-homing peptides
would home to wounds at times other than the 5-day
time point, we injected individual phage clones at days
7, 10, and 14, after wounding. The total number of
homing phage rescued from the wounds decreased by
two orders of magnitude as wound healing progressed
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E

Figure 2. CAR peptide homes to blood vessels

F

and granulation tissue in tendon and skin wounds. Fluorescein-conjugated peptides CAR (A, C, and E) or CAR2 (B, D,

and F) were intravenously injected into rats (A=D) or mice (E and F) with 5-day-old wounds in Achilles tendons (A-D) or skin (E and F). Wound tissue was collected
4 hours later, which allowed the peptide to penetrate into the tissue, and examined for the presence of the peptides. In A-D, rabbit anti-FITC followed by FITC-conjugated
(A and B) or biotin-conjugated anti-rabbit IgG and streptavidin peroxidase (C and D; brown), were used to detect the signal from the fluorescein-labeled peptide. Blood
vessels were stained with CD-31 antibody (magenta in C and D) and the nuclei were stained with DAPI (blue). Original magnifications, X200.

(not shown), presumably reflecting the pruning that
occurs in wound vasculature during the maturation of
granulation tissue into scar tissue.® However, compar-
ison with control phage revealed selective homing
even at the late (day 14) stages of wound healing
(Figure 4). The CRK phage, which homed less strongly
than CAR on day 5, was generally the more efficient
homing peptide at the later stages of wound healing.
Phage staining showed that both phage clones co-

localized with blood vessels at all stages in wound
healing (Supplemental Figures 1 and 2, see http://
ajp.amjpathol.org), and in agreement with the phage
homing data, little CAR phage was detected in 14-day
wounds, whereas the CRK phage still gave relatively
strong staining at this stage (Supplemental Figure 5,
see http://ajp.amjpathol.org). The co-localization of the
phage staining indicates that the molecular change
reflected in the relative homing of CAR and CRK re-
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Figure 3. CRK peptide homes to blood vessels and granulation tissue in wounds. Fluorescein-conjugated peptides CRK (A, C, and E) or KAREC (control peptide:
B, D, and F), were intravenously injected as in Figure 2 into rats (A and B) or mice (C-F) with 5-day-old wounds in the skin (A-D) or patellar tendons (E and
F). The peptides, blood vessels, and nuclei were detected as in Figure 2. Original magnifications, X200.

sides in the vasculature and that this change is related
to the maturation of the vasculature in wounds.

Cell Surface Heparan Sulfate as the Target
Molecule for CAR

The CAR sequence homology with the heparin-binding
site of BMP4 and the presence in CRK of a classical

heparin-binding motif (XBBXBX; where X denotes any
amino acid and B basic residue), suggested that a
particular form of a glycosaminoglycan, probably a
heparan sulfate, might serve as the binding site for one
or both of the peptides. We used Chinese hamster
ovary cells (CHO-K) and the pgsA-745 mutant CHO
line that is defective in glycosaminoglycan biosynthe-
sis' to test the binding of CAR and CRK to cell surface
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Figure 4. Healing stage dependence of phage homing to wounds. CAR
phage (filled bars) or CRK phage (open bars) was intravenously injected into
rats 5, 7, 10, and 14 days after wounding. The phage was recovered 12
minutes after the injection and quantified. Results are expressed as fold titers
relative to that of similarly injected nonrecombinant T7 phage after adjusting
the output to the wet weight of the tissue samples. A: Patellar tendon
wounds; B: Achilles tendon wounds; C: skin wounds. The CAR and CRK
phage homing shows a different healing time dependence. Error bars rep-
resent mean * SEM for 11, four, seven, and five separate experiments at each
time point. *P < 0.05, *P < 0.01, **P < 0.001 versus nonrecombinant T7
phage, two-way analysis of variance.

glycosaminoglycans. CAR phage bound to the CHO-K
cells 55-fold more than nonrecombinant control phage
(P < 0.0001), but there was no specific binding to the
glycosaminoglycan-deficient cells (Figure 5A). The
CRK phage did not bind significantly to either cell line
(Figure 5A). Pretreatment of the CHO-K cells with he-
parinase | and Ill decreased the binding of the CAR
phage by almost 80% (P < 0.0001; Figure 5B). The
CAR phage also bound to heparin-coated beads; 70-
fold more CAR phage than nonrecombinant control
phage was recovered from the beads (P < 0.0001;
Figure 5C). CRK phage binding was only marginally
higher than that of the control phage.
Fluorescence-activated cell sorting analysis also re-
vealed strong binding of the synthetic CAR peptide to the
CHO-K cells, but not to the pgsA-745 cells. An excess of
unlabeled CAR peptide inhibited the binding in a dose-
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Figure 5. Binding of CAR phage to cell surface heparan sulfate and heparin.
A: CAR phage (filled bars) specifically binds to CHO-K cells, but not to the
glycosaminoglycan-deficient pgsA-745 cells. CRK phage (open bars) does
not bind significantly to either cell line. B: Heparinase treatment of the
CHO-K cells (gray bar) suppresses the binding of the CAR phage to these
cells. C: CAR phage, but not CRK phage, binds to heparin-coated beads. Error
bars represent mean = SEM for three or more separate experiments per-
formed in duplicate. *P < 0.05; **P < 0.001. A and B: Two-way analysis of
variance; C: unpaired Student’s ftest. Brackets indicate the difference be-
tween CAR and CRK phages.

dependent manner. The binding could also be inhibited
with the CAR phage. The CAR2 peptide bound only
weakly to the CHO-K cells, and KAREC showed no bind-
ing to either the CHO-K or pgsA-745 cells (data not
shown). These results indicate that CAR, but not CRK,
has an active heparin-binding site, and that CAR binds to
glycosaminoglycan moiety in cell surface heparan sulfate
proteoglycans.

Cell-Penetrating Properties of CAR Peptide

Many of the best-characterized cell penetrating pep-
tides contain basic residues, and heparan sulfate pro-
teoglycans are thought to be involved in the internal-
ization of these peptides.?®2” This prompted us to
study the cell-penetrating properties of the wound-
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pgsA-745

KAREC

CGKRK

Figure 6. The CAR peptide is internalized into CHO-K cells. Fluorescein-conjugated peptides as indicated were incubated at 10 pmol/L concentration with CHO-K
and pgsA-745 cells for 24 hours. The cells were washed, fixed, stained with the nuclear stain DAPI (blue; CHO-K panels, middle), and examined for green
fluorescence from the labeled peptides. The CAR peptide produces strong green fluorescence in the CHO-K cells that mostly overlaps with nuclear DAPI staining
(right). This peptide does not appear in the glycosaminoglycan-deficient pgsA-745 cells. The CRK peptide binds weakly to the CHO-K cells. No overlap with nuclei
is evident. KAREC control peptide gives no detectable cellular fluorescence, whereas F3 and CGKRK internalize in both CHO-K and pgsA-745 cells, overlapping

with nuclei. Original magnifications, X400.

homing peptides. Fluorescence from labeled CAR
peptide incubated with CHO-K cells accumulated
within 30 minutes inside the cells, overlapping with the
nucleus (Figure 6). Confocal microscopy (not shown)
confirmed the nuclear localization. The CRK peptide
slightly bound to the cells but was not detectably in-
ternalized. The KAREC control peptide (Figure 6) or
CAR2 (not shown) did not bind or become internalized.
That the CAR peptide neither bound nor internalized
into the glycosaminoglycan-deficient pgsA-745 cells
(Figure 6), confirmed the specificity of the internaliza-
tion and its dependence on the binding of the CAR
peptide to its receptor. Thus, the CAR peptide seems
to be a cell-penetrating peptide.

We have previously characterized two cell-penetrating
peptides, CGKRK and F3, that specifically recognize
angiogenic endothelial cells and tumor cells.®?® Each of
these peptides contains basic residues, raising the ques-
tion of whether they might bind to the same sites at the

cell surface as the CAR peptide. F3 and CGKRK accu-
mulated in the cytosol and nuclei of both the CHO-K and
pgsA-745 cells (Figure 6), whereas CAR only bound to
and was internalized by the CHO-K cells (and CRK did
not bind avidly to either cell line). Moreover, a 10-molar
excess of unlabeled F3 or CGKRK peptide did not de-
tectably affect the uptake fluorescein-label from the CAR
peptide by the CHO-K cells (not shown). Taken together
with our previous demonstration that the receptor for the
F3 peptide is cell surface-expressed nucleolin,®® rather
than heparan sulfate, these results show that the speci-
ficities of CAR and CRK are novel.

Discussion

We report here two novel peptides that specifically home
to tendon and skin wounds, targeting both the vascula-
ture and granulation tissue of the wounds. The target
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molecule of one of the peptides seems to be a cell
surface heparan sulfate structure. We use these peptides
to provide evidence that the molecular profile of blood
vessels in wounds changes as wounds mature.

In this work we used in vivo screening of phage librar-
ies, which primarily probes the blood vessels.®'! Our
approach was based on the notion that using wound-
induced angiogenesis as a target might produce a dif-
ferent repertoire of vascular homing peptides than
screening on other types of angiogenic lesions, such as
tumors, which have been used extensively in similar
screenings.® The hypothesis may have been correct, at
least to the extent that the two peptides we have isolated
seem to be unique. Our wound-homing peptides contain
several basic residues, and highly basic peptides have
been previously identified in tumor screens.® 102830
Moreover, the CAR and CKR peptides also recognize
tumor vasculature (T.J. and E.R., unpublished results).
However, the arrangement of the basic amino acids and
other sequence features distinguish our new peptides
from the previously described ones. They also differ in
heparin binding and cell-type specificity. Among the ear-
lier peptides, F3 and CGKRK bind to heparin, but as
shown here, are equally effective in binding to cells that
express cell surface heparan sulfate and cells that lack it.
In contrast, CAR does not recognize the heparan sulfate-
deficient cells, and CRK does not bind to heparin.

We performed the phage screening using wounds
made in two tissues, tendon and skin. The CAR peptide
came from a tendon screen and the CRK peptide was
obtained in a skin screen. Despite their different origin,
both peptides homed to wounds in both tissues, indi-
cating that if vascular markers specific for individual
tissues exist, our screening did not reveal such mark-
ers. However, our screening strategy of using the peak
of angiogenesis might not have been ideal for revealing
tissue-specific differences. Wounds that have healed suf-
ficiently to regain elements of the original tissue may be
more likely to reveal tissue-specific angiogenesis mark-
ers. In addition, the molecular changes detected by CAR
and CRK may not be exclusively expressed in blood
vessels; the fluorescein-labeled peptides, and to some
extent the phage clones, spread into extravascular
wound tissue, suggesting that cells in the granulation
tissue may also express the receptors for these peptides.

The CAR and CRK peptides displayed an opposite
homing preference with regard to the age of the wound;
CAR favors early wounds and CRK prefers mature ones.
Although the CAR peptide homing was clearly transient
during wound healing, we did not follow the wounds long
enough to see CRK homing disappear, but it seems likely
that CRK homing is also transient. Because the phage
almost exclusively accumulated in the wound blood ves-
sels, we conclude that wound maturation is accompanied
by changes in the profile of molecular markers in wound
blood vessels. This conclusion parallels what has been
observed in studies on tumor vasculature. Vascular mark-
ers can distinguish the blood vessels and lymphatics in
premalignant lesions from those of fully malignant tumors
in the same tumor system.'®'2 Furthermore, blood ves-
sels in tumors at different stages of tumor development

and different stages of vessel maturation differ in their
response to anti-angiogenic treatments.®32 Our results
show that a similar maturation process takes place in
wound vasculature. Individual vessels in a wound may
not all be at the same stage in the maturation process
because there were always some vessels in otherwise
positive samples that did not bind the peptides.

The CAR peptide binds to heparin and cell surface
heparan sulfate, suggesting that one or more heparan
sulfate proteoglycans at the cell surface are the target
molecules for this peptide. Heparan sulfate proteogly-
cans are ubiquitously expressed, but sequence variabil-
ity in their heparan sulfate component makes possible
tissue and cell type-specific interaction with pro-
teins.22%%735 The specificity of the CAR peptide for
wound vessels and tumor vessels suggests that this pep-
tide may recognize a heparan sulfate sequence specific
for wound and tumor angiogenesis. The CRK peptide
showed some homology with sequences in throm-
bospondin type 1 and type 3 repeats, but it is unlikely that
this peptide would bind to CD36, which is a known throm-
bospondin receptor in endothelial cells, because the
CRK sequence shows no similarity with the throm-
bospondin sequence that binds CD36 (VICGS3627); the
receptor for CRK remains to be identified and is the
subject of future studies.

Finally, the peptides we describe here may offer new
therapeutic opportunities. Specific targeting of drugs and
other therapeutic moieties to injured tissues may be a
valuable option, especially when local treatment is not an
option. We are exploring this aspect in ongoing work.
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Summary

The vasculature in the angiogenic stages of a mouse model of pancreatic islet carcinogenesis was profiled in vivo with
phage libraries that display short peptides. We characterized seven peptides distinguished by their differential homing to
angiogenic progenitors, solid tumors, or both. None homed appreciably to normal pancreatic islets or other organs. Five
peptides selectively homed to neoplastic lesions in the pancreas and not to islet B cell tumors growing subcutaneously,
xenotransplant tumors from a human cancer cell line, or an endogenously arising squamous cell tumor of the skin. Three
peptides with distinctive homing to angiogenic islets, tumors, or both colocalized with markers that identify endothelial
cells or pericytes. One peptide is homologous with pro-PDGF-B, which is expressed in endothelial cells, while its receptor

is expressed in pericytes.

Introduction

Angiogenesis, the formation of new blood vessels, is essential
for tumor growth. The transition from normal to neoplastic vas-
culature during tumorigenesis has been termed the “angiogenic
switch,” and both positive and negative regulators of the switch
have been identified (Hanahan and Folkman, 1996). The vascular
anatomy of tumors is typically distinct from that of normal tis-
sues (Carmeliet and Jain, 2000). In contrast to their normal
counterparts, tumor vessels are tortuous and dilated and show
reduced vessel integrity. Tumor vessels often have numerous
fenestrae or discontinuities, loose interendothelial junctions, and
a discontinuous or absent basement membrane, collectively
resulting in vessel leakiness (Carmeliet and Jain, 2000; Hashi-
zume et al., 2000).

We are only beginning to understand the molecular events
underlying the pronounced abnormalities evident in the angio-
genic vasculature of tumors and progenitor lesions. Previous

studies have shown that a number of genes are upregulated
during the transition from normal to tumor blood vessels, includ-
ing the integrins avp3, avp5, and a5B1; several matrix metallo-
proteinases; and various endothelial growth factor receptors
(Hanahan and Folkman, 1996; Ruoslahti, 2002). Recently, St.
Croix et al. further showed, using a comparative RNA expression
profiling technology (SAGE), that a number of genes or EST’s
were selectively expressed or upregulated in the tumor endothe-
lium of human colorectal cancer, relative to the corresponding
normal colonic vasculature (St. Croix et al., 2000). This approach
relied on substantive differences in gene expression to identify
tumor-specific endothelial markers, which will likely only reveal
a subset of alterations that distinguish normal and tumor blood
vessels. Specific binding of phage from libraries that can display
more than a billion random peptide sequences offers a comple-
mentary approach for comparative screening. In vivo phage
display screening has proven to be a powerful method for un-

SIGNIFICANCE

While there is abundant evidence that tumor vasculature is functionally and morphologically aberrant, we show herein using a
peptide epitope profiling technology that the angiogenic vasculature in premalignant lesions is distinguishable from normal as well
as tumor vessels in a model of multistage tumorigenesis. Moreover, both angiogenic progenitor and tumor vessels in the pancreas
have molecular signatures distinct from tumors growing in or under the skin, even of the analogous cell type. The stage and organ
specificities of particular homing peptides may prove instructive about mechanisms regulating the neovasculature in different
pathways of tumorigenesis, suggest means to detect and distinguish premalignant and malignant lesions noninvasively, and predict
differential sensitivity to therapeutic agents targeting angiogenesis.
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Figure 1. Isolation of stage-specific phage using ex vivo and in vivo phage display

A: Ex vivo screening on cells derived from RIP1-Tag2 angiogenic islets or fumors using the CX,C peptide library displayed on T7 phage. The enriched phage
pools were used for subsequent in vivo homing to RIP1-Tag2 angiogenic islets (three rounds of selection) (B) and tumors (two rounds of selection) (C). D:
In vivo homing of individual phage to RIP1-Tag2 angiogenic islets and tumors.

covering differences among individual vascular beds in normal
organs (Pasqualini and Ruoslahti, 1996; Rajotte et al., 1998)
and has also yielded peptides that specifically home to blood
vessels or lymphatics in tumors (Arap et al., 1998; Laakkonen
et al., 2002; Porkka et al., 2002). The targets for these peptides
in blood vessels include the avB3 and avp5 integrins (Arap et
al., 1998) and aminopeptidase N (Pasqualini et al., 2000).

In this and a companion study (Hoffman et al., 2003 [this
issue of Cancer Cell]), we set out to use phage-display profiling
to ask whether additional levels of neoplastic vascular special-
ization might exist in tumor development. We sought to distin-
guish the vessels of premalignant angiogenic lesions from those
of angiogenic solid tumors and to examine whether differences
exist between angiogenic vessels of tumors developing in differ-
ent organs. Previous studies have profiled differences between
normal blood vessels and the vasculature of transplanted tu-
mors in immunodeficient mice. Unlike these transplanted tu-
mors, transgenic tumor models provide an opportunity to exam-
ine pre-neoplastic changes unfolding in different organs in a
more physiologically relevant microenvironment.

We used a prototypical mouse model of multistage tumori-
genesis, the RIP1-Tag2 transgenic model of islet cell carcinoma
(Hanahan, 1985), to address our hypothesis that the vasculature
of pre-neoplastic lesions differs from that of established tumors.
RIP1-Tag2 transgenic mice express the SV40 T antigens (Tag)
under the control of the insulin gene promoter, which elicits the
sequential development of tumors in the islets of Langerhans
over a period of 12-14 weeks. Hyperplastic islets begin to ap-
pear at around 4 weeks of age, and angiogenesis is activated
afew weeks later in a subset of the hyperplastic islets, producing
angiogenic (dysplastic) islets (Bergers et al., 1998; Folkman et
al., 1989). Solid tumors form beginning at 9 to 10 weeks, initially
presenting as small nodules that grow and progress to large
islet tumors with well-defined margins, as well as two classes
of invasive carcinoma (Lopez and Hanahan, 2002). We set out
to identify stage-specific molecular markers accessible via the
circulation, either on the surface of endothelial cells, their peri-
endothelial support cells (pericytes and smooth muscle cells),
or even tumor cells themselves (as a result of the hemorrhagic,
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leaky angiogenic vasculature). We successfully selected phage
pools that homed preferentially to different stages during RIP1-
Tag2 tumorigenesis. In addition to “pan-angiogenic” markers
shared by many types of tumors, we identified vascular target
molecules that are characteristic of this tumor’s tissue of origin
and are not expressed in the vessels of several tumor types
growing in or under the skin. We have begun to investigate the
binding partners for these peptides and present evidence link-
ing one peptide to a vascular signaling circuit involving PDGF
ligands expressed in endothelial cells and their receptor
PDGFRB, expressed in pericytes of the angiogenic vasculature.

Results

Isolation of stage-specific phage from RIP1-Tag2 mice
RIP1-Tag2 mice develop multifocal angiogenic islet progenitors
and then solid tumors in a stepwise manner, such that at 12
weeks of age, each mouse will typically have approximately
50 angiogenic islets and 2-6 small tumors. This circumstance
allowed us to use 12-week-old mice to select for phage binding
to angiogenic islet progenitors and/or tumors in the same
mouse. In order to enrich for phage that bind to RIP1-Tag2
target cells (endothelial, perivascular, and tumor), we included
a pre-selection step (Laakkonen et al., 2002; Porkka et al., 2002)
on cell suspensions prepared from pancreatic lesions. Two
rounds of ex vivo selection from a CX;C peptide library on
cell suspensions from angiogenic islets or solid tumors yielded
phage pools that bound 7- to 8-fold over a control, nonrecombi-
nant phage to their respective target cells (Figure 1A). These
enriched phage pools were used in subsequent in vivo rounds
to select for phage that would home specifically to either angio-
genic islets or tumors in RIP1-Tag2 mice.

Three rounds of in vivo selection on angiogenic islets re-
sulted in a phage pool that selectively homed to angiogenic
islets. The homing to the islets was 7-fold higher than to tumors
in the same mouse (Figure 1B). There was no homing to control
organs. The tumor selection yielded a pool that showed an
8-fold preference for tumors versus angiogenic islets in the
same mouse following two rounds of in vivo selection (Figure
1C).

Sequencing of phage from the selected pools identified a
number of peptide sequences that were represented more than
once, and these were tested for their ability to bind cell suspen-
sions prepared from angiogenic islets and tumors. Six of the
phage selected for further analysis were from the tumor screen
(referred to as KAA, RGR, RSR, VGVA, VGVG, and KAR), and
one (EYQ) was picked from the angiogenic screen. Peptide
sequences corresponding to each of these peptide motifs are
shown in Table 1. All of these peptides are linear, although
the phage library used here (CX;C) was designed to express
peptides cyclized by a covalent bond between two cysteine
residues. However, a library of this design does contain a minor-
ity of linear peptides. A stop codon occurring within the random
insert will cause truncation of the peptide, and a frameshift
mutation frequently changes the second cysteine into valine. It
may be that the target molecules in the RIP1-Tag2 tumors se-
lected for linear peptides. In the companion study (Hoffman et
al., 2003), the same library yielded cyclic homing peptides. The
RIP1-Tag2 homing phage fall into three classes based on their
homing either to angiogenic islets or to tumors in vivo (Figure
1D) and their ex vivo binding patterns: tumor-selective phage

(KAA, KAR, and VGVG), angiogenic islet-selective phage (RSR
and EYQ), and phage that home to both types of angiogenic
lesions (VGVA and RGR). Some of the selected peptides that share
similar peptide motifs also display similar homing patterns. For
example, KAA and KAR (CKAAKNK and CKGAKAR = XBXXBXB,
where B represents basic residues and X denotes uncharged
residues) both preferentially home to tumors over angiogenic
islets. However, other related peptides such as RGR and RSR
(CRGRRST and CRSRKG = XBXBBX) have quite different hom-
ing capabilities. Interestingly, all of these peptides are distinct
from those found previously in phage display screens of trans-
plant tumors (Arap et al., 1998; Laakkonen et al., 2002; Porkka
et al., 2002).

Stage-specific homing of fluorescein-conjugated

peptides

To confirm that the selective phage homing was due to the
displayed peptide sequences, we studied the localization of
fluorescein-conjugated peptides after intravenous injection; one
peptide from each homing class was selected for detailed analy-
sis. We used 8-week-old RIP1-Tag2 mice to examine peptide
localization during the angiogenic switch and 12-week-old
RIP1-Tag2 mice to visualize both angiogenic islets and tumors.

The observed peptide localization profiles in each case
closely mimicked that of the cognate phage, as shown in Figure
1D, with each peptide falling into the same of the three homing
classes. Figure 2 illustrates the peptide localization for these
three representative fluorescein-conjugated peptides: RSR (an-
giogenic-selective), KAA (tumor-selective), and RGR (angio-
genic- and tumor-homing). RSR shows abundant accumulation
in RIP1-Tag2 angiogenic islets (Figure 2B) but little or no local-
ization in tumors (Figure 2C) or normal islets (Figure 2A). KAA
shows abundant localization in RIP1-Tag2 tumors (Figure 2F)
but little or no localization in angiogenic islets (Figure 2E) or
normal islets (Figure 2D). Finally, RGR localizes in both RIP1-
Tag2 angiogenic islets (Figure 2H) and tumors (Figure 2I) but
there is little or no peptide in normal islets (Figure 2G). It was
somewhat unexpected that RSR, which was selected from the
tumor phage screening, preferentially bound to angiogenic is-
lets. It seems that the epitope this peptide binds to is present
both in tumors and angiogenic islets, but is more abundant in
angiogenic islets. This result could also be indicative of the
heterogeneity of the pools of angiogenic islets or tumors isolated
by gross examination, in which there are multiple lesions of
differing grades within each group. Hence, a gross selection
of the tumor pool may in fact include some large, advanced
angiogenic islets that can only be definitively distinguished by
histological grading, which was performed in conjunction with
the peptide homing to the different lesions.

Homing of the peptides to the pancreatic islet lesions was
specific: little or no homing was detected in normal islets, brain,
liver, lung, and spleen (Figures 2K and 2L and data not shown).
Fluorescence was detected in kidney, presumably as a result
of uptake from glomerular filtrate (Figure 2J). Representative
figures of control tissues from a RIP1-Tag2 mouse injected
with fluorescein-conjugated RGR peptide are shown in Figures
2J-2L. A similar absence of fluorescence in control tissues was
observed for all other injected peptides (data not shown). In
addition, control peptides did not show specific homing to any
of the RIP1-Tag2 lesional stages or to a number of normal
tissues.
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with vascular markers

We reasoned that intravenous administration of the phage librar-
ies would select for phage carrying peptides that bind to endo-
thelial molecules specific for the target vasculature. The expec-
tation of endothelial selectivity is based upon the preferential
exposure of phage to luminal cells of the vasculature, as well
as the appreciable size of the phage and the short time the
phage are allowed to circulate (Pasqualini and Ruoslahti, 1996).
In order to test this expectation, tissues were collected following
i.v. infusion with the various fluorescein-conjugated peptides,
sectioned, and evaluated with endothelial cell markers. The pri-
mary analysis involved immunostaining with a mouse pan-endo-
thelial cell antigen (MECA32) antibody that recognizes a dimer
of 50-55 kDa protein subunits present on all endothelial cells
(Hallman et al., 1995; Leppink et al., 1989) (Figures 3B, 3C,
3H, 3I, 3N, and 30). Additional analyses (not shown) involved
immunostaining to reveal CD31/PECAM or systemic infusion of
a fluorescent-labeled lectin that binds to the endothelial lumen.
In addition, tissue sections from peptide-infused mice were
stained with an antibody recognizing NG2, a marker of the
neovascular pericytes (Schlingemann et al., 1990, 1991) (Figures
3E, 3F, 3K, 3L, 3Q, and 3R). Remarkably, all three peptides
(RSR, KAA, and RGR) show some colocalization both with endo-
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Figure 2. Stage-specific homing of fluorescein-

Tumor
Hmo conjugated peptides in RIP1-Tag2 model

Visualization of an angiogenic islet-selective
peptide (RSR) homing is shown in normal islet
(A), angiogenic islet (B), and tumor (C). Homing
profiles are also shown for a tumor-selective pep-
fide (KAA) to normalislet (D), angiogenic islet (E),
and tumor (F), as well as of a peptide (RGR) that
homes fo both angiogenic islets and tumors (G,
normal islet; H, angiogenic islet; and I, tumor).
Control tissues (J, kidney; K, brain; and L, liver)
from a RIP1-Tag2 mouse injected with fluores-
cein-conjugated RGR peptide are also pre-
sented. Similar absence of fluorescence in con-
frol fissues was observed for all other injected
peptides, indicative of alack of specific homing.
The scale bar corresponds fo 50 pM.

thelial cell and pericyte markers, indicating that each homes to
and binds moieties associated with both cell types (Figure 3
and data not shown). Again, there was no colocalization of these
peptides with those same markers in the adjacent exocrine
pancreas or in normal pancreatic islets; tissue sections stained
with MECA32 and NG2 showed some colocalization, consistent
with the proximity of endothelial cells and pericytes (Figures
3S-3U).

The apparent homing of peptides representing all three
classes of stage specificity to both pericytes and endothelial
cells was unexpected. It may be pertinent that the RIP1-Tag2
tumor vasculature is known to be leaky, as evidenced by exten-
sive microhemorrhaging (Parangi et al., 1995) and morphometric
analysis (Hashizume et al., 2000; Morikawa et al., 2002; Thurston
et al.,, 1998), such that the circulating phage pool likely had
access to the extraluminal vascular microenvironment, where
receptors on pericytes and in the extracellular matrix could be
accessible. It is known that the vasculature of both angiogenic
islets and tumors is leaky (Morikawa et al., 2002). However,
reciprocal homing of the peptides that recognize the angiogenic
islet but not tumor vessels, and vice versa, excludes the possibil-
ity that the recognition of angiogenic islet versus tumor vessels
would simply be caused by differences in the leakiness of the
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RSR peptide localization in an angiogenic islet is shown in (A) and (D)
(green), while co-staining for MECA32 (red) and the merge are shown in
(B) and (C). Co-staining for NG2 (red) is shown in (E), with the merge in (F).
KAA peptide localization in a tumor is shown in (G) and (J) (green), while
co-staining for MECA32 (red) and the merge are shown in (H) and (l). Co-
staining for NG2 (red) is shown in (K), with the merge in (L). RGR peptide
localization in an angiogenic islet is shown in (M) and (P) (green), while co-
staining for MECA32 (red) and the merge are shown in (N) and (O). Co-
staining for NG2 (red) is shown in (Q), with the merge in (R). Staining for
endothelial cells (MECA32) (S) and pericytes (NG2) (T) in fumor sections
demonstrated their close association (U). Scale bar: 10 um.
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vessels. The ex vivo pre-selection step we used to enrich for
RIP1-Tag2-specific targets may have similarly selected for non-
luminal endothelial binding partners, but it should be empha-
sized that any peptide selected ex vivo must also have been
accessible via the circulation during the in vivo selections. Con-
sistent with this logic, phage-displaying peptides that bind to
the pericyte marker, NG2, have previously been shown to home
to a transplant tumor in vivo (Burg et al., 1999).

Specificity of in vivo homing to islet

tumors in the pancreas

Selection of phage that home to the vasculature of neoplastic
lesions in RIP1-Tag2 mice can be envisioned to identify two
classes of peptides: those whose cognate receptors are specific
to angiogenic islets and/or tumors in the pancreas and those
that also home to the angiogenic vasculature in other tumor
types. Therefore, we asked whether phage and peptides se-
lected in pancreatic neoplasias would home to two different
transplant tumors growing subcutaneously or to de novo skin
tumors induced in another transgenic mouse model.

BTCS transplant tumors arise following subcutaneous inoc-
ulation of nude mice with cultured islet tumor-derived (BTC3)
cells (Efrat et al., 1988), allowing the study of islet tumors and
their vasculature outside of their natural environment in the
pancreas. Because the vasculature of a subcutaneously grown
BTC3 tumor derives from skin, we also tested another subcuta-
neous transplant tumor, arising from inoculation of the MDA-
MB-435 human breast carcinoma cell line. Finally, K14-HPV16
mice, another well-studied transgenic mouse model of cancer
that develop tumors of the squamous epithelial cells of the
skin (Arbeit et al., 1994; Coussens et al., 1996), allowed us to
compare RIP1-Tag2 islet tumors to a tumor with similar
multistage pathogenesis arising in a different tissue. The relative
homing efficiencies in the various tumor models of the phage
from the RIP1-Tag2 tumor screen fall broadly into two catego-
ries: those that selectively home to RIP1-Tag2 tumors (KAA,
RGR, VGVA) and those that show a more general homing to
other tumors in addition to RIP1-Tag2 (VGVG, KAR) (Figure 4A).
The phage homing data were supported by i.v. injection of
fluorescein-conjugated peptides corresponding to the phage.
Results for the three representative peptides are summarized in
Figure 4B, and an example of the tissue fluorescence produced
following injection of the KAR peptide in different tumors is
shown in Figures 4C—4E.

Homing during non-tumor angiogenesis was examined us-
ing angiogenesis in subcutaneously implanted matrigel plugs.
All peptides except one showed no homing to the matrigel
plugs. The RGR peptide appeared in a punctate mannerin some
blood vessels. However, the intensity was much lower and the
pattern quite different than in RIP-Tag lesions (data not shown).
This indicates that this set of peptides are selective for neovas-
cularization during tumorigenesis and are not general markers
of neovessel formation.

Identification of candidate vascular receptors

The set of peptides homing to angiogenic neoplasias in the
pancreas were applied to database searches, seeking to identify
mouse proteins with sequences homologous to the peptides.
Table 1 lists candidate proteins with such homologies that were
deemed to be of interest. In theory, these proteins could corre-
spond to putative ligands mimicked by the phage-displayed
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Figure 4. Evaluation of the neoplastic specificity of selected homing phage and peptides

A: Bar graph showing homing efficiency of individual phage to a pancreatic islet tumor in a RIP1-Tag2 mouse, a BTC3-derived subcutaneous transplant
tumor in a nude mouse, and a squamous cell carcinoma in a K14-HPV16 mouse.

B: Table summarizing the relative homing of fluorescein-conjugated peptides to different tumor models. +++ indicates strong homing, as revealed by the
fluorescent intensity of i.v. injected peptide, ++ indicates moderate homing, + indicates weak homing, - indicates absence of homing. Representative
images of fluorescein-conjugated KAR peptide homing to a RIP1-Tag2 pancreatic islet fumor (C), a BTC3 subcutaneous tumor (D), and an MDA subcutaneous

tumor (E) are also shown. Magnification 200X.

peptides. Many of the candidate proteins have been previously
associated with the vasculature. One protein, collagen Xll, was
found to share homology with two peptides: KAR (CKGAKAR)
and VGVA (FRVGVADV), though in different structural domains.
It is interesting to note that collagen XII was also identified by
gene expression profiling as a gene that is overexpressed in
tumor endothelial cells (St. Croix et al., 2000; and http://mendel.
imp.unvie.ac.at/SEQUENCES/TEMS/mainpgs/temtable.html).
It was somewhat surprising that homologies to peptide se-

quences in two cell surface receptors, fibroblast growth factor
receptor 1 (FGFR1) and Tie-1, were revealed by homology
searching, as phage-displayed peptides have traditionally been
thought to mimic ligands not receptors. However, in the case
of FGFR1, the particular peptide sequence (YQLDV) has been
reported to be in the ligand binding domain D2 (Plotnikov et al.,
1999), suggesting the possibility that the phage displaying this
peptide may in fact be binding to FGFR1 ligands, i.e., the fibro-
blast growth factors (FGFs). It is well known that many of the

Table 1. Candidate mouse proteins sharing motifs with homing peptides

Peptide Pepfide sequence Extended motif Mouse protein with the motif Accession number
RGR CRGRRST RGRRS PDGF-B P31240
RGRR Stromal interaction molecule 2 Q9P246
RSR CRSRKG CRSR-G Cadherin EGF LAG receptor 1 035161
KAA CKAAKNK CKA-K WNT-2 NPO76142
KAR CKGAKAR CKGAKA Collagen XlI Q60847
AKAR Collagen Xl Q60847
GAKAR Claudin 9 Q910S7
VGVA FRVGVADV F-VGVADV Collagen XII Q60847
RVGV Collagen XII Q60847
EYQ CEYQLDVE CEYQL Semaphorin 4C Q64151
YQLDV FGFR1 P16092
YQLDV Tie-1 Q06806

Peptides were analyzed using a BLAST (NCBI) search against the SWISSPROT database, using the option for short nearly exact matches, to identify mouse

proteins with homologous sequences.
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heparin binding FGFs are sequestered in the extracellular matrix
and basement membrane by binding to heparan sulfate proteo-
glycans (Ornitz and Itoh, 2001), which is consistent with phage
homing to these FGF depots in vivo. As the Tie-1 receptor is
an orphan receptor tyrosine kinase, ligand binding information
is not currently available; however, the peptide sequence homol-
ogy is in the extracellular domain (Sato et al., 1993).

Another provocative homology was seen for the RGR pep-
tide (CRGRRST), which is contained within the B chain of the
pro-form of platelet-derived growth factor (PDGF-B), a known
ligand for the transmembrane receptor tyrosine kinase PDGFRR.
The RGR sequence homology (RGRRS) spans the pro-peptide
cleavage site of pro-PDGF-B (Johnsson et al., 1984). To investi-
gate the hypothesis that the RGR peptide was homing to
PDGFRp by virtue of this homology, we transfected 293T cells
with a fusion gene designed to overexpress PDGFRR. The bind-
ing of RGR phage was 20-fold more efficient to PDGFRB-trans-
fected cells than nontransfected cells. In contrast, no binding
above the background was detected toward cells transfected
with vascular endothelial growth factor receptor 2 (VEGFR2)
(Figure 5A). Moreover, when we tested the RSR phage, which
has a peptide sequence similar to RGR, no specific binding
was observed either to PDGFRB- or VEGFR2-transfected cells
(Figure 5A). The association of RGR with PDGFRB was further
substantiated when intravenously injected fluorescein-conju-
gated RGR peptide was shown to colocalize with PDGFRp,
visualized by subsequent immunostaining of tissue sections
from RIP1-Tag2 tumors. Merging of the RGR-FITC image (Figure
5B, panel a) with the antibody staining for PDGFRp (Figure 5B,
panel b) revealed almost complete colocalization (Figure 5B,
panels ¢ and d).

Discussion

We set out in this and the companion study (Hoffman et al.,
20083) to characterize the vasculature during the discrete stages
of organ-specific carcinogenesis, using a profiling technology
based on peptide libraries displayed on the surface of bacterio-
phage. Phage that display a peptide with an appropriate binding
specificity home via the circulation to the site of binding affinity.
As such, phage profiling can reveal differences in the composi-
tion and properties of the vasculature of different organs and
pathological lesions. Using as a target the RIP1-Tag2 mouse
model of multistage tumorigenesis involving the pancreatic is-
lets of Langerhans, we have identified peptides that discriminate
between the vasculature of the premalignant angiogenic islets
and the fully developed tumors. Most of the identified homing
peptides appear to selectively detect vascular changes induced
during tumorigenesis in the endocrine pancreas, but not in other
tumors growing in or under the skin. Remarkably, three peptides
representing one of the distinctive homing classes (to angio-
genic progenitors, to tumors, or to both) each colocalized with
markers separately identifying endothelial cells and pericytes in
the angiogenic lesions. The sequences of the homing peptides
suggest candidate proteins containing homologous sequences
that are mimicked by peptide binding to the angiogenic vascu-
lature.

Insights into organ-specific differences

in neoplastic vasculature

The influence of tissue microenvironment in tumor development
is increasingly appreciated (Coussens and Werb, 2002; Liotta
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Figure 5. PDGFRR is a candidate receptor for RGR pepfide

A: Bar graph showing binding of RGR or RSR phage to 293T cells fransfected
with either the PDGFRB, the related VEGFR2, or nontransfected cells. Y axis =
fold over nonrecombinant phage.

B: Colocalization of fluorescein-conjugated RGR pepfide (a, green) with
the PDGFRB antibody (b, red) and merged images (c and d) in RIP1-Tag?2.
Magnification 400x.

and Kohn, 2001). As developing neoplasias activate angiogen-
esis and recruit a neovasculature from the surrounding tissue
microvascular bed, the organ microenvironment may influence
the morphology and physiology of the tumor neovasculature.
Evidence in support of organ-specific differences has come, for
example, by comparing permeability in the vessels of transplant
tumors as a function both of tumor type and the host tissue
site (Hobbs et al., 1998; Roberts et al., 1998).

We asked whether tumors arising in their natural microenvi-
ronment are different from those developing in another “foreign”
location by comparing endogenously arising RIP1-Tag2 tumors
in the pancreas with BTC3 cell-derived tumors grown subcuta-
neously (the BTC3 cell line was established from a RIP1-Tag2
pancreatic islet tumor; Efrat et al., 1988). The results from both
phage and peptide binding (Figure 4 and data not shown) indi-
cate that some phage/peptides home to BTC3 subcutaneous
tumors in addition to RIP1-Tag2 endogenous tumors, albeit
less efficiently (e.g., VGVG). However, most of the other phage/
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peptides do not show any appreciable homing to BTC3 tumors
by comparison to RIP1-Tag2 tumors (e.g., KAA and VGVA),
supporting the predominant role of the tissue microenvironment
in influencing some of the receptors that are displayed on the
cell surface.

Similar results were found for the two other tumor types we
studied: squamous cell carcinomas of the epidermis arising
in K14-HPV16 transgenic mice and subcutaneous xenograft
tumors of the human MDA-MB-435 breast cancer cell line. KAR
and VGVG were the only phage/peptides that homed apprecia-
bly to these models, whereas the other peptides showed a
similar lack of homing, as for BTC3 tumors. Thus, the majority
of phage-displayed and soluble peptides homed selectively to
the tumor vasculature of RIP1-Tag2 tumors arising in their natu-
ral environment in the endocrine pancreas, showing little affinity
for tumors growing subcutaneously or in the skin itself. By con-
trast, in the aforementioned study of tumor endothelial genes
revealed by expression profiling (St. Croix et al., 2000), a number
of the tumor-specific endothelial genes identified as upregulated
in a colorectal cancer screen were also found in the tumor
endothelium of other cancers (lung, brain, pancreas, and breast
primary tumors; and a colorectal metastasis to the liver). Our
method has clearly revealed a partially overlapping but distinc-
tive set of markers. These results support the existence of both
tumor-specific and tumor-generic vascular markers and may
have implications for interpretation of data forthcoming from
xenograft tumor models. If vascular markers are not recapitu-
lated in transplant models representing a particular organ-spe-
cific cancer, then aspects of its phenotypic behavior and re-
sponse to therapy (particularly targeted antiangiogenic and
antivascular agents) may differ as well. Similar results have been
seen in the companion study (Hoffman et al., 2003) comparing
de novo epidermal squamous cell carcinomas in the K14-HPV16
mice with transplant tumors in the adjacent subcutaneous mi-
croenvironment.

Homing peptides revealing molecular anatomy
of tumor vasculature
We have begun to investigate candidate binding moieties (“re-
ceptors”) for the RIP1-Tag2 homing peptides, initially by search-
ing protein databases for proteins that contain the homing pep-
tide sequences and thus might represent the endogenous
protein mimicked by the peptide. It is striking that a number
of the candidate proteins revealed by the search have been
implicated in some aspect of angiogenesis (PDGFs, WNTSs, clau-
dins, collagen Xll, FGFR1, Tie-1). We chose to evaluate the
PDGF-B homology in light of recent evidence implicating PDGF
signaling in the angiogenic phenotype in the RIP-Tag2 model:
three PDGF ligand genes are expressed in the tumor endothelial
cells, while PDGF receptor B is expressed in tumor pericytes
(Bergers et al., 2003). Pharmacological inhibition of PDGFR sig-
naling in RIP1-Tag2 mice disrupted pericyte association with
the tumor endothelium, inhibited angiogenesis, and reduced
the vascularity of the islet tumors (Bergers et al., 2003). The
results add to a knowledge base implicating PDGF signaling in
pericyte-endothelial cell homeostasis, both in developing ves-
sels (Betsholtz et al., 2001; Leveen et al., 1994; Lindahl et al.,
1997; Soriano, 1994) and in tumors (Heldin and Westermark,
1999; Ostman and Heldin, 2001).

The evaluation of RGR in light of its homology to PDGF-B
clearly suggests its homing is associated with PDGFR expres-

sion and/or signaling. The most compelling evidence comes
from overexpressing PDGFRB in cultured cells. There was a
striking increase in the binding of the RGR phage to cells trans-
fected with PDGFRB, whereas transfection with a structurally
related receptor tyrosine kinase, VEGFR2, had no effect on the
binding. Moreover, systemically infused RGR colocalizes with
virtually all of the PDGFR detected by immunostaining in angio-
genic islets and tumors. Both lines of evidence support the
model that RGR binds to PDGFRB. There are, however, other
data that complicate this simple conclusion. First, RGR colocal-
izes not only with a pericyte marker, NG2, consistent with
PDGFRB expression in pericytes, but also with an endothelial
cell marker, MECAS32, indicative of homing to endothelial cells
(which do not typically express PDGFRB—see Bergers et al.,
2003). Second, the RGR peptide sequence overlaps the pro-
peptide processing site and is thus only partially represented
in mature PDGF-B ligand; moreover, the sequences for PDGF
homo- and heterodimerization and for receptor binding are not
at the N terminus of the mature ligand (Clements et al., 1991;
Heldin and Westermark, 1999; Ostman et al., 1991). Thusiitis not
clear how RGR might bind either to PDGF ligands or receptors.
These data lead us to suggest that RGR mimics a protein-
protein interaction site in pro-PDGF-B that mediates its specific
homing and mimics bona fide associations of pro-PDGF-B. One
possible association for RGR is either with PDGFRB itself or
with a protein induced by its expression, given the enhanced
binding seen in the transfected cells overexpressing PDGFRB
as well as the observed colocalization of RGR with PDGFRR in
angiogenic islets and tumors. It is interesting to note that a
similar sequence is found in PDGF-D, a related PDGF ligand that
also signals through PDGFRR. The sequence RGRS is located in
the secreted PDGF-D at the site of processing from the inactive
to active form of PDGF-D (Bergsten et al., 2001; LaRochelle et
al., 2001).

The additional colocalization of RGR with the endothelial
cell marker MECAS32 suggests that an RGR binding moiety is
also expressed by endothelial cells or shared between pericytes
and endothelial cells. While there is no obvious coimmunostain-
ing of either endothelial cell marker (CD31, MECA32) with any of
several pericyte markers (desmin, SMA, NG2) in the angiogenic
islets or tumors (J.J. and G.B., unpublished observations), a
small subset of FAC-sorted cells within RIP1-Tag2 tumors are
positive for both CD31 and NG2 (G.B., unpublished observa-
tions). In addition, both cell types contribute to the vascular
basement membrane and the extracellular matrix that separates
and envelops them, and these structures could contain RGR
binding motifs produced by one or both cell type and localized
amongst them. Indeed, purified PDGF-B has been shown to
bind various ECM and BM proteins, including collagens -1V
(Somasundaram and Schuppan, 1996), laminin-1, nidogen, and
perlecan (Gohring et al., 1998). Another attractive candidate for
RGR binding is the predicted prohormone processing enzyme
that binds and cleaves pro-PDGF-B within the RGR homology.
Interestingly, while the RGR phage and peptide homed effec-
tively to angiogenic progenitor islets and solid tumors in RIP1-
Tag2 mice, neither homed to angiogenic dysplasias or tumors
in the HPV16 transgenic mice nor to the MDA-MB-435 subcuta-
neous tumors. These results suggest that PDGF signaling and
the resultant vessel stabilization by pericytes may differ among
tumors or that there are differences in pericyte activation and/
or maturation (Morikawa et al., 2002). Alternatively, the blood
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vessels in the squamous cell carcinomas, being less hemor-
rhagic, may limit the accessibility of the blood-borne phage and
labeled peptides to the perivascular cells (see below).

Other homologies between homing peptides and endoge-
nous proteins listed in Table 1 may also be significant. The fact
that many of these proteins have been implicated in angiogen-
esis, or related biological processes, supports this prediction.
For example, two of the peptides, KAR and VGVA, show homol-
ogy to collagen XIll, which is associated with blood vessels in
the developing embryo (Bohme et al., 1995; Oh et al., 1993).
Colocalization of both peptides with vascular markers (data not
shown) is consistent with the predicted localization of colla-
gen XII.

Lessons from profiling different tumor types

It is of interest to compare and contrast the results reported
here to that of the companion study (Hoffman et al., 2003), which
similarly used phage display libraries to profile the angiogenic
dysplasias and squamous cell carcinomas that arise in the skin
of K14-HPV16 transgenic mice. That study produced a series
of homing peptides that were selective for angiogenic progeni-
tors or solid tumors. And again, both tumor type-selective and
tumor-generic phage were identified; their analysis focused on
skin tumor-specific phage that did not home to the angiogenic
vasculature in the stages of pancreatic islet carcinogenesis in
RIP1-Tag2 mice. The skin-tumor homing peptides had different
sequences from those identified herein, and their candidate
cellular homologs (and prospective binding moieties) were dis-
tinctive. In sum, each study identified both tumor type-specific
and stage-specific vascular homing peptides, further supporting
the proposition that organ microenvironment imparts distinctive
constraints on neoplastic development that affects the charac-
teristics of the neovasculature induced to sustain tumor devel-
opment and progression.

It is intriguing that the two organ sites of neoplastic develop-
ment (skin and pancreas) preferentially selected phage with
different cellular specificity. The HPV phage all homed exclu-
sively to endothelial cells, whereas each of the RIP1-Tag2 phage
representing the three homing classes (angiogenic progenitor,
tumor, or both) chosen for analysis homed both to pericytes
and to endothelial cells. This suggests significant differences in
the vascular morphology and/or functionality in the skin and
pancreas. One difference may be in vascular permeability. The
islet tumors are blood red from hemorrhaging and the angio-
genic vasculature is permeable to a variety of macromolecules
(Hashizume et al., 2000; Thurston et al., 1998). By contrast, the
skin tumors are white, indicative of less hemorrhagic vessels
or higher interstitial pressure. Thus the phage population circu-
lating through the vascular system in RIP1-Tag2 mice may have
had ready access to the perivascular microenvironment,
whereas the “tighter” vessels in the skin lesions may limit such
accessibility. Future studies on the expression of the “receptors”
identified by these distinctive classes of homing peptides should
clarify whether their binding moieties are differentially expressed
and/or differentially accessible via the vasculature in these dis-
tinctive tumor types and their angiogenic progenitor lesions,
providing further insight into the dynamics and tissue-specific
qualities of the angiogenic phenotype.

The selective accumulation of fluorescein-conjugated pep-
tides in the RIP-Tag lesions indicates that a monovalent peptide-
receptor interaction is robust enough to carry a payload to the

target. As such, these peptides could be used as biomarkers
or for imaging, particularly of pre-neoplastic lesions, which are
notoriously difficult to detect. The peptides homing to angio-
genic islets, for example, could be used both as markers of
the angiogenic switch and to monitor therapeutic response to
antiangiogenic agents, in much the same way as parameters
such as microvessel density are currently employed. Future
experiments will test the efficacy of targeting of imaging agents
and active drugs to multiple stages of tumorigenesis.

In conclusion, we have used phage display to profile the
vasculature during the distinctive stages of multistep tumorigen-
esis in a prototypical mouse model of cancer. We have identified
three different classes of stage-specific peptides suggestive of
distinctive characteristics of the neovasculature in premalignant
and malignant lesions. We expect that the selectivity in peptide
homing will help us understand the stage-specific differences
in efficacy observed for angiogenesis inhibitor therapy in the
RIP1-Tag2 model (Bergers et al., 1999). In addition, it may be
possible to selectively target antitumor therapies to individual
or multiple cell types during RIP-Tag tumorigenesis using these
homing peptides conjugated to, for example, proapoptotic se-
quences, as previously reported (Ellerby et al., 1999). It will be
of further interest to ask whether these homing peptides can
similarly characterize the neovasculature of stages in human
pancreatic islet carcinogenesis, as well as in other organ-spe-
cific cancers in mouse models and humans.

Experimental procedures

Generation of mice and tissue isolation

The generation of RIP1-Tag2 mice (Hanahan, 1985) and K14-HPV16 mice
(Arbeit et al., 1994; Coussens et al., 1996) has been reported. Angiogenic
islets were isolated from 8- and 12-week-old RIP1-Tag2 mice by collagenase
digestion of the excised pancreas and selected based on their red, hemor-
rhagic appearance (Parangi et al., 1995). Tumors were microdissected from
the excised pancreas of 12-week-old RIP1-Tag2 mice and the surrounding
exocrine tissue was carefully removed. The synchronicity of tumorigenesis
in the RIP1-Tag2 model allowed us to simultaneously isolate pools of angio-
genic islets and tumors from the same mouse at 12 weeks of age, thus
affording us the opportunity to directly compare homing of individual phage
to different stages in an individual mouse/pancreas. Tumors were dissected
from the ear or chest of K14-HPV16 mice. For the BTC3 allograft models,
10° BTC3 tumor cells (Efrat et al., 1988) were inoculated under the skin of
the rear flank of nu/nu mice in a BALB/c background and allowed to grow
until approximately 5 mm in size, and then used for experimental analysis.
MDA-MB-435 xenograft models were generated by inoculating 10° tumor
cells subcutaneously in the chest of nu/nu BALB/c mice. Tumors were used
for the homing/binding experiments at 8-12 weeks after injection of the
tumor cells. Matrigel plug angiogenesis was induced as previously described
(Fulgham et al., 1999; Ngo et al., 2000; Yi et al., 2003). Briefly, 100 pl
of Matrigel containing 80 ng/ml bFGF was injected subcutaneously in the
abdominal area of BALB/c/nu/nu mice, and at day 8, the mice were injected
with fluorescein-conjugated peptides as detailed below.

Phage libraries and library screening

The screening process involved two ex vivo selection rounds followed by
2-3 in vivo selection rounds. For the ex vivo selections, cell suspensions
were prepared from the different RIP1-Tag2 lesions in 12-week-old RIP1-
Tag2 mice and incubated overnight at 4°C with 10° plaque forming units
(p.f.u.) of a T7 phage (Novagen) displayed CX;C peptide library. The cells
were washed to remove unbound phage and the bound phage rescued and
amplified in E. coli. This procedure enriches for phage that bind to tumor,
endothelial, and other stromal cells present in the suspension. The ex vivo
pre-selected phage pool was injected intravenously into 12-week-old RIP1-
Tag2 mice through the tail vein, allowed to circulate for 7 min, and heart-
perfused with PBS to remove unbound intravascular phage. As the vascula-
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ture is preferentially available for the phage to bind in this selection, there
is an enrichment of phage that bind to the endothelium of the target tissue.
The RIP1-Tag2 lesions and control tissues (brain, kidney, spleen, lung,
“white” pancreas [i.e., not containing any hemorrhagic lesions], and liver)
were excised to allow for comparison of homing efficiencies. Cell suspen-
sions were prepared by mechanical disruption of the tissues, washed to
remove unbound phage, and the bound phage rescued and amplified by
adding E. coli. The phage pool was reinjected into mice at a similar disease
stage, and the cycle repeated. In each experiment, nonrecombinant control
phage was used as a control for relative selectivity. Sets of 96 phage clones
were randomly collected from each homing phage population. The peptide-
encoding DNA inserts were amplified by PCR, and the PCR products se-
quenced. Phage representing the most frequently appearing peptide motifs
were individually tested for their ability to selectively home to the lesions on
which they were selected, relative to other stages in the tumorigenesis
pathway and to control organs. Fluorescein-conjugated peptides corre-
sponding to these phage insert sequences were synthesized using an auto-
mated peptide synthesizer with standard solid-phase fluorenylmethoxycar-
bonyl (Fmoc) chemistry. One hundred micrograms of each individual
fluorescein-conjugated peptide was injected intravenously into the tail vein
of RIP1-Tag2 mice at 8 or 12 weeks of age and into normal BL/6 mice. The
peptide was allowed to circulate for 7 min, followed by heart perfusion first
with PBS and then with Zn-buffered formalin. The RIP1-Tag2 pancreas and
control organs (brain, kidney, liver, lung, and spleen) were removed, fixed
for 1 hrin formalin, washed with 1X PBS, placed in 30% sucrose for several
hours, washed with 1X PBS, and embedded in OCT (Tissue-Tek). Each
peptide was injected into at least three individual RIP1-Tag2 or normal mice
at each of the different stages.

Histology and immunohistochemistry

To examine the localization of injected fluorescein-conjugated peptides,
frozen sections (10 wm thick) were cut on a cryostat, mounted in Vectashield
Mounting Medium with DAPI (Vector Laboratories), and visualized under an
inverted fluorescent microscope or a confocal microscope (Zeiss LSM 510
META). For immunohistochemistry, frozen slides were preincubated with
blocking buffer (1X PNB from NEN Biosciences) for 1 hr, washed several
times in 1X PBS, and incubated with the primary antibody of interest over-
night at 4°C. The cell-specific antibodies used were rat monoclonal anti-
mouse CD31 (1:200; BD Pharmingen), rat monoclonal anti-mouse MECA32
(1:200; BD Pharmingen), rabbit polyclonal anti-mouse NG2 (1:200; Chemi-
con), and rat monoclonal anti-mouse PDGFRB (CD140b) (1:200; eBio-
science). The corresponding secondary antibodies; Cy-3 donkey anti-rabbit
IgG and Rhodamine Red donkey anti-rat IgG (Jackson ImmunoResearch),
were used at a 1:200 dilution and incubated for 1 hr at room temperature.
The following species-matched immunoglobulins were used as negative
controls: rabbit IgG (Vector Laboratories) and rat IgG (Jackson ImmunoRe-
search) at a 1:200 dilution. The slides were washed several times in 1X PBS
and mounted in Vectashield Mounting Medium with DAPI (Vector Labora-
tories). Hematoxylin and eosin (H&E) staining was performed for histological
grading of adjacent sections by standard methods, and lesions were graded
as previously described (Lopez and Hanahan, 2002).

Transfection and phage binding assay

293T cells were transfected with plasmids encoding PDGFRB or VEGFR2
(Borges et al., 2000) using Fugene transfection reagent (Roche Diagnostics).
Briefly, 10 g of plasmid was mixed with 700 pl of DMEM without serum
and 30 pl of Fugene and incubated for 15 min at room temperature before
adding the mixture to the cells. Forty-eight hours posttransfection, the cells
were detached from the culture plates using EDTA and washed 1X with
PBS. RSR, RGR, and the control nonrecombinant phage (about 1 X 10° pfu)
were incubated with the transfected cells for 2 hr at 4°C, followed by five
washes with 1% BSA in PBS to remove the unbound phage. The bound
phage were rescued by adding bacteria, and the binding efficiencies were
determined by plaque assay.
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Blood vessels of tumors carry specific markers that are usually
angiogenesis-related?. We previously used phage-displayed
peptide libraries in vivo to identify peptides that home to tu-
mors through the circulation and that specifically bind to the
endothelia of tumor blood vessels**. Here we devised a phage
screening procedure that would favor tumor-homing to targets
that are accessible to circulating phage, but are not blood ves-
sels. Screening on MDA-MB-435 breast carcinoma xenografts
yielded multiple copies of a phage that displays a cyclic 9-
amino-acid peptide, LyP-1. Homing and binding to tumor-de-
rived cell suspensions indicated that LyP-1 also recognizes an
osteosarcoma xenograft, and spontaneous prostate and breast
cancers in transgenic mice, but not two other tumor xenografts.
Fluorescein-labeled LyP-1 peptide was detected in tumor struc-
tures that were positive for three lymphatic endothelial markers
and negative for three blood vessel markers. LyP-1 accumulated
in the nuclei of the putative lymphatic cells, and in the nuclei of
tumor cells. These results suggest that tumor lymphatics carry
specific markers and that it may be possible to specifically target
therapies into tumor lymphatics.

We combined ex vivo and in vivo phage selections® to search for
peptides that recognize tumor-specific vessels other than blood
vessels. We selected phage from a cyclic peptide library for
binding to cell suspensions prepared from MDA-MB-435 breast
cancer xenografts. To increase the likelihood of obtaining new
kinds of homing peptides, we reduced the number of blood ves-
sel endothelial cells by treating the cell suspension with anti-
CD31 magnetic beads before recovering and amplifying bound
phage. Blood-vessel endothelial cells express high levels of
CD31, whereas lower levels are expressed by lymphatic en-
dothelial cells®” (and this study). Three rounds of ex vivo selec-
tion yielded a phage pool that bound to the primary
tumor-derived cells approximately 350-fold over control, non-
recombinant phage. Subsequent in vivo selections of this pool in
a nude mouse bearing an MDA-MB-435 tumor resulted in 30-
fold enrichment in the tumor relative to non-recombinant
phage.

One of the peptide sequences enriched in the selected phage
pool was CGNKRTRGC. The phage displaying this peptide
bound to primary MDA-MB-435 tumor-derived cell suspensions
about 7,000 times more than non-recombinant phage (Fig. 1a).
The synthetic CGNKRTRGC peptide (LyP-1) inhibited the bind-
ing of the phage (data not shown). The LyP-1 phage bound cul-
tured MDA-MB-435 cells on average about 100-fold over
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non-recombinant phage. The LyP-1-displaying phage also
bound to cell suspensions prepared from KRIB osteosarcoma
xenografts, and from transgenic mouse mammary carcinomas
(Fig. 1a). This phage did not to bind to cell suspensions from HL-
60 leukemia or C8161 melanoma xenografts (Fig. 1a). Two
permutations (CGEKRTRGC and CGNKRTRGYV) arose sponta-
neously during the phage amplification and were recognized be-
cause of an altered plaque size. They did not significantly bind to
MDA-MB-435 tumor-derived cell suspensions.

The LyP-1-displaying phage homed to the MDA-MB-435 and
KRIB tumors in vivo. On the average, the mean phage titer in
tumor tissue was 60-fold greater than non-recombinant phage in
MDA-MB-435 tumors and 15-fold in KRIB tumors (Fig. 1b). In
agreement with the cell-binding data, the phage did not home in
vivo to HL-60 or C8161 xenografts (Fig. 1b), nor to brain, spleen,
skin, kidneys and lungs; there may have been some homing to
normal breast tissue (Fig. 1c). The MDA-MB-435 homing of the
variant CGEKRTRGC-displaying phage was only 10% of the
homing of the LyP-1.

When we treated MDA-MB-435 tumor-derived cells with 0.5%
NP-40 before recovering homed phage, we found 10-20 times
more LyP-1 phage than without the detergent, suggesting that
the phage was internalized by cells. In vitro experiments showed
that cultured MDA-MB-435 cells internalized fluorescein-conju-
gated LyP-1 peptide. The labeled peptide initially appeared in
the cytoplasm and, with time, increasingly in the nucleus (Fig.
1d). There was no detectable cellular uptake of a fluorescein-la-
beled control peptide (ARALPSQRSR), which like CGNKRTRGC
has three basic residues (data not shown).

Intravenously (i.v.) injected LyP-1 phage localized to vessel-
like structures and to some single cells within the MDA-MB-435
tumors. The vessels containing the phage were negative for
CD31 (Fig. 2a). Fluorescein-conjugated synthetic LyP-1 peptide,
when injected into the tail vein of MDA-MB-435 tumor-bearing
mice, also localized to vessel-like structures and to individual
cells within the tumor mass. The peptide-stained vessels did not
appear to be blood vessels, because they were negative for
MECA-32 staining (Fig. 2b). In addition, there was a lack of colo-
calization with blood vessels labeled by i.v.-injected tomato
lectin®. When the peptide and lectin fluorescence were captured
in the same microscopic field, they were separate (Fig. 2¢), and
many fields contained only peptide fluorescence (Fig. 2d) or
only lectin fluorescence (Fig. 2e). Fluorescein-conjugated LyP-1
localized to MDA-MB-435 tumors regardless of whether the tu-
mors were grown subcutaneously or in the mammary fat pad,
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Fig. 1 Tumor homing and binding of LyP-1 phage, and nuclear transloca-
tion of synthetic LyP-1 peptide. a, Binding of LyP-1 phage to primary cell
suspensions from MDA-MB-435, KRIB xenografts and transgenic mouse
mammary carcinomas (MMTV), but not to cells from HL-60 leukemia or
C8161 melanoma xenografts. b, In vivo homing of the phage. Tumor hom-
ing of LyP-1 phage to MDA-MB-435, KRIB, HL-60 and C8161 xenografts
after i.v. injection. OJ, brain; M, tumor. ¢, LyP-1 phage titers recovered from
kidney, lung, spleen and skin after injection into the tail vein of tumor-bear-
ing mice or from breast tissue after injection into the tail vein of nude mice.
d, Internalization of fluorescein-conjugated LyP-1 peptide (green) by cul-
tured MDA-MB-435 cells. Nuclei are visualized by DAPI staining (blue).
Error bars represent mean * s.e.m. for 3-8 experiments per variable.

KRIB HL-60

Fold over nonrecombinant phage
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but more fluorescence accumulated in the subcutaneous tumors
(data not shown). The fluorescein-conjugated peptide also
homed to transgenic prostate carcinomas (TRAMP), again failing
to colocalize with tomato lectin (Fig. 2f). Among several normal
tissues studied, fluorescence was only seen in kidney tubuli, pre-
sumably as a result of uptake of free fluorescein-conjugated LyP-
1 from the glomerular filtrate. Fluorescence from the labeled
control peptide also localized in kidney tubuli (data not shown).

Our data suggested that the vessel-like structures targeted by
LyP-1 were not blood vessels, so we hypothesized that they
might be lymphatic vessels. To investigate whether LyP-1
homed to tumor lymphatics, we stained MDA-MB-435 tumor
sections with lymphatic markers: lymphatic vessel endothelial
hyaloronic acid receptor-1 (LYVE-1), a transmembrane
hyaluronic acid receptor®'’; podoplanin, a glomerular podocyte
membrane protein'; and vascular endothelial growth factor re-
ceptor-3 (VEGFR-3)">. In accordance with earlier results'*, an-
tibodies against each of these markers stained vessel-like
structures in the MDA-MB-435 tumors. These structures fre-
quently lacked a detectable lumen. The staining rarely over-
lapped with lectin staining, indicating that few, if any, of these
vessels were blood vessels.

Fluorescein-conjugated LyP-1 injected into the tail vein of
tumor-bearing mice colocalized with LYVE-1 (Fig. 3a),
podoplanin (Fig. 3b and ¢) and VEGFR-3 (Fig. 3d and e) in vessel-
like structures within MDA-MB-435 tumor tissue. Some of these
structures appeared to be vessels filled with tumor cells (Fig. 3f).
LyP-1 also accumulated outside the structures positive for the
lymphatic markers, including the tumor cells, individual
VEGFR3-positive cells and what appeared to be connective tissue
between tumor cells. However, LyP-1 fluorescence typically cen-
tered around the structures detected with the lymphatic marker
antibodies, implicating the lymphatic structures as the likely pri-
mary site of LyP-1 recognition. High-magnification images (Fig.
3c and g) show that fluorescein-conjugated LyP-1 accumulated
in the nuclei of cells lining vessel-like structures, while the lym-
phatic marker antibodies (anti-podoplanin in Fig. 3¢) stained the
plasma membranes of the same cells. We also injected i.v. mice
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with monoclonal antibody to podoplanin, and could detect the
antibody in tissues. The injected antibody colocalized with
LYVE-1 (Supplementary Fig. A online), and LyP-1 (Fig. 3h), but
not with MECA-32 (data not shown).

The LyP-1 phage did not recognize C8161 xenografts in hom-
ing or cell-binding assays, but these tumors did contain vessel-
like structures that stained positive for both LYVE-1 and
podoplanin, but not for the tomato lectin (Supplementary Fig. B
online). These results indicate that LyP-1 recognizes lymphatic
vessel-associated structures in some tumors but not in others.

Previous in vivo phage-screening experiments have yielded pep-
tides that recognize markers that are selectively expressed in
tumor vasculature**. The structures recognized by LyP-1 in the
target tumors seem to be related to lymphatic vessels, rather than
blood vessels, as shown by colocalization of LyP-1 with three
lymphatic markers and lack of colocalization with three blood-
vessel markers. Probes for lymphatic vessels that require transport
of the probe through the lymphatic vessels have generally re-
vealed such vessels around, but not within tumors'®'®, However,
the use of molecular markers for lymphatic endothelial cells has
revealed lymphatic structures inside many tumors”"* ™.

Each of the lymphatic markers that we used colocalized with
LyP-1 in the MDA-MB-435 tumors. None of these markers are
completely specific for lymphatic endothelial cells’*, but the
presence of all three markers in the LyP-1-positive structures
strongly suggests that these structures are lymphatic vessels.
These LyP-1-binding cells are not tumor cells, because they
stained with antibody against mouse VEGFR-3 and with antibod-
ies against mouse major histocompatibility complex (MHC) anti-
gen H-2K‘ (data not shown). The VEGFR-3 antibody is known not
to recognize human VEGFR-3 (K. Alitalo and H. Kubo, pers.
comim.).

LyP-1 often colocalized with lymphatic markers in structures
that appeared in tissue sections as thin strands that form loops.
These structures may be collapsed lymphatic vessels. Moreover,
the reticular architecture with numerous ill-defined lumina de-
scribed for tumor lymphatics in the recent study of human head
and neck cancers is similar to ours®. Alternatively, these struc-
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Fig. 2 LyP-1 phage and LyP-1 peptide do not colocalize with blood vessel
markers. a—e, LyP-1 phage (a) or fluorescein-conjugated LyP-1 peptide (b—e)
injected into the tail vein of a mouse bearing an MDA-MB-435 tumor.
a, Tumor blood vessels were stained with anti-CD31 antibody (red) and
phage was visualized using anti-T7 antibody followed by fluorescein-conju-
gated anti-rabbit IgG (green). b—e, Tumor blood vessels (red) were detected
with MECA-32 (b) or i.v. injected, biotinylated tomato lectin (c—e). The green
color shows the localization of LyP-1 peptide. ¢, A microscopic field contain-
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ing both LyP-1 peptide and lectin fluorescence. d, Areas where peptide stain-
ing was abundant were often devoid of blood vessels. (the inset, blood vessel
staining in the same microscopic field) e, Other areas of the tumor contained
numerous blood vessels, but no peptide (inset, peptide staining in the same
microscopic field). f, LyP-1 peptide (green) homed also to the transgenic
mouse prostate tumor (TRAMP). Blood vessels (red) were detected with i.v.

injected biotinylated tomato lectin. d, e and the insets in d and e are single
color images. Magnification, x 400 in g, ¢, and e; x 200 in b, d and f.

tures could be dilated lymphatic vessels filled with tumor. It may
be that most intra-tumor lymphatics are not patent vessels func-
tional in transporting lymph. Because we access the tumor lym-
phatics through blood circulation, the accumulation of our

phage and peptide in these structures may not be dependent on
functionality of the targeted lymphatics.

Although these results strongly suggest that LyP-1 binds to
tumor lymphatics, we cannot exclude the possibility that the

Fig. 3 Colocalization of LyP-1 with lymphatic markers. Fluorescein-
conjugated LyP-1 peptide was injected into the tail vein of mice bearing
MDA-MB-435 xenografts. a—e, LyP-1 (green) colocalizes with red stain-
ing for the lymphatic vessel markers LYVE-1 (a), podoplanin (b and c)
and VEGFR-3 (d and e) in reticular and vessel-like structures within the
tumor tissue. Some of the peptide fluorescence accumulates in the nu-
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clei of the cells lining the vessels positive for the lymphatic markers and
LyP-1, as shown by examination at a higher magnification (podoplanin
costaining; ¢) and by using blue counter staining of nuclei with DAPI (f
and g). h, LyP-1 fluorescence also partially colocalized with i.v. injected
anti-podoplanin antibody in tumor tissue. Magnification, x200 in a-d
and h; x400 in g and f.
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target cell would be a transitional cell in between the lymphatic
and blood vessel endothelial lineages®. There are also some simi-
larities in the distribution of LyP-1 and periodic acid Shiff (PAS)-
positive structures in melanomas, which may represent alternate
vascular channels®.

The binding of LyP-1 to putative tumor lymphatics and tumor
cells is not universal for all tumors. Although we found LyP-1 to
recognize two xenograft tumors and three transgenic mouse tu-
mors, a leukemia (HL-60) and a melanoma (C8161) xenograft were
negative. This was the case despite the fact that the C8161 tumors
contained lymphatics as identified by positive staining for LYVE-1
and podoplanin and the lack of staining for a blood vessel marker.
As the binding of LyP-1 to the cultured tumor cells correlated with
its ability to recognize the putative tumor lymphatics in the
xenografts, it may be that the tumor cells induce the expression of
the LyP-1 binding molecule in the intratumoral lymphatic cells.

Our results suggest that tumor lymphatics may be specialized
in a way similar to what has been shown for tumor blood ves-
sels**?2% Moreover, the LyP-1 peptide may make it possible to
specifically target tumor lymphatics and their adjacent tumor
tissues for destruction. The nuclear localization of fluorescein
coupled to LyP-1 suggests that LyP-1 could be a particularly ef-
fective carrier of drugs that act inside the nucleus. Given the im-
portance of the lymphatic route in metastasis, such a treatment
may destroy the most deadly parts of tumors.

Methods

Mice, cell lines and tumors. MDA-MB-435, KRIB and C8161 cell lines were
maintained in DMEM supplemented with 10% FBS. Nude BALB/c mice
were subcutaneously injected with 1x10° tumor cells, and tumor-bearing
mice were used to prepare cell suspensions and for homing experiments at
3-6 weeks (KRIB or C8161) or 9-12 weeks (MDA-MB-435) post-injection.
The animal experimentation was approved by the Burnham Institute
Animal Research Committee.

Phage libraries and screening. The libraries were prepared as described®.
NNK-oligonucleotides encoding a random library of cyclic peptides of the
general structure CX,C (ref. 24) were cloned into the T7Select 415-1 vector
according to the manufacturer’s instructions (Novagen, Madison,
Wisconsin). This vector displays peptides in all 415 copies of the phage cap-
sid protein as a C-terminal fusion.

Tumor-homing phage were isolated from the phage library by combin-
ing ex vivo and in vivo screening. For the ex vivo screening, tumor-cell sus-
pensions were prepared from human MDA-MB-435 breast carcinoma
xenograft tumors using collagenase (0.5 mg/ml, Sigma) to disperse the tis-
sue. A cell suspension was incubated with the phage library (3.7 x 10
plaque-forming units (p.f.u.)) overnight at 4 °C and unbound phage were
removed by serially washing with 1% BSA in DMEM. Magnetic beads
(Dynal, Oslo, Norway) coated with anti-mouse CD31 (MEC 13.3;
Pharmingen, San Diego, California) were used to preferentially deplete the
tumor-derived cell suspension of blood vessel endothelial cells. Phage
bound to the CD31-deficient cell population were rescued and amplified.
The phage selection process was repeated 3 times. The ex vivo pre-selected
phage pool was then subjected to an in vivo selection round by injecting it
(1.7 x 10° p.f.u.) into the tail vein of a nude mouse bearing an MDA-MB-
435 tumor. 48 individual clones were then picked from this in vivo-se-
lected, tumor-homing pool and their peptide-encoding inserts were
sequenced. Nine peptides appearing more than once were amplified and
their ability to bind to cultured cells and tumor-derived cell suspensions was
tested®. The 5 individual phage that bound better to cell suspensions from
MDA-MB-435 tumors than to cultured MDA-MB-435 cells were tested for
their ability to home to tumors in vivo. In some experiments, the phage
were rescued from tissues by treating the tissue with 0.5% NP-40 in PBS.

Peptide synthesis. Peptides were synthesized in our peptide synthesis facil-

ity using Fmoc chemistry in a solid-phase synthesizer. The peptides were
purified by HPLC, and their sequence and structure was confirmed by mass
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spectrometry. Fluorescein-conjugated peptides were synthesized as de-
scribed?®.

Antibodies and immunohistology. To produce antibodies to T7, New
Zealand White rabbits were immunized with 10'° p.f.u. of T7 nonrecombi-
nant phage (Novagen). The initial immunization was done in complete
Freund’s adjuvant and boosters were with incomplete Freund’s adjuvant.
The antibody titer was estimated by using ELISA, and the antiserum was ab-
sorbed against BLT5615 bacterial and mouse liver lysates. The LYVE-1 anti-
body was produced by immunizing New Zealand White rabbits with a
peptide encoding the 19 C-terminal residues of mouse LYVE-1 (ref. 10) con-
jugated to keyhole limpet hemocyanin (KLH; Pierce, Rockford, lllinois). The
initial immunization was done in complete Freund’s adjuvant and boosters
were with incomplete Freund’s adjuvant. The antibodies were affinity puri-
fied with the peptide coupled to Sulfolink Gel (Pierce) and tested for tissue
reactivity by immunofluorescence, where they gave a characteristic lym-
phatic staining pattern. The specificity of this antibody and that of an anti-
body against the ectodomain of LYVE-1 (ref. 10) have been reported to be
similar’. Other primary antibodies used in immunohistochemistry were rat
anti-mouse VEGFR-3 (ref. 12) (provided by K. Alitalo and H. Kubo), rat anti-
mouse podoplanin' (provided by T. Petrova), rat anti-mouse MECA-32
(Pharmingen), rat anti-mouse CD31 (Pharmingen), and biotin anti-mouse
H-2Kd, clone SF1-1.1 (Pharmingen).

Tissue distribution of fluorescein-labeled peptides was examined by i.v. in-
jection of the peptide (100 pg in 200 pl PBS) into the tail vein of a mouse.
Blood vessels were visualized by i.v. injection of Lycopersicon esculentum
(tomato) lectin conjugated either to fluorescein or biotin (100 pg in 200 pl
of PBS; Vector, Burlingame, California). The biotinyated lectin was detected
with streptavidin-conjugated Alexa-594 (red). In some experiments, the
anti-podoplanin antibody was similarly injected. The injected materials were
allowed to circulate for 5-15 min and the mouse was perfused with 4%
paraformaldehyde through the heart. Tissues were removed and frozen in
OCT embedding medium (Tissue-Tek, Elkhart, Indiana). The biotin-conju-
gated lectin was detected with streptavidin-conjugated Alexa-594
(Molecular Probes, Eugene, Oregon) and the anti-podoplanin antibody with
goat anti-rat Alexa-488 or Alexa-594 (Molecular Probes).

Note: Supplementary information is available on the Nature Medicine
website.
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LyP-1 is a peptide selected from a phage-displayed peptide library
that specifically binds to tumor and endothelial cells of tumor
lymphatics in certain tumors. Fluorescein-conjugated LyP-1 and a
related peptide, LyP-1b, strongly accumulated in primary MDA-
MB-435 breast cancer xenografts and their metastases from i.v.
peptide injections, allowing visualization of orthotopic tumors in
intact mice. The LyP peptide accumulation coincided with hypoxic
areas in tumors. LyP-1 induced cell death in cultured human breast
carcinoma cells that bind and internalize the peptide. Melanoma
cells that do not bind LyP-1 were unaffected. Systemic LyP-1
peptide treatment of mice with xenografted tumors induced with
the breast cancer cells inhibited tumor growth. The treated tumors
contained foci of apoptotic cells and were essentially devoid of
lymphatics. These results reveal an unexpected antitumor effect by
the LyP-1 peptide that seems to be dependent on a proapoptotic/
cytotoxic activity of the peptide. As LyP-1 affects the poorly
vascularized tumor compartment, it may complement treatments
directed at tumor blood vessels.

phage display | tumor targeting | live imaging | therapy

Tumor blood vessels express molecular markers that distin-
guish them from normal blood vessels. Many of these tumor
vessel markers are related to angiogenesis, but some are selective
for certain tumors (1). Markers that distinguish the vasculature
of tumors at the premalignant stage from the vasculature of fully
malignant tumors in the same tumor system have also been
described (2, 3). Recent data from our laboratory indicate that
lymphatic vessels in tumors are also specialized, because a cyclic
9-amino acid peptide, LyP-1, binds to the lymphatic vessels in
certain tumors, but not to the lymphatics of normal tissues (4).

The lymphatic system is an important route of tumor metas-
tasis. Many cancers preferentially spread through the lymphatics.
Recent discoveries of growth factors and molecular markers for
lymphatic endothelial cells have made possible detailed studies
of the relationship of tumor cells and the lymphatic vasculature
of tumors (5-9). The use of marker proteins such as LYVE-1 (6),
podoplanin (5), and Prox-1 (10) has shown that lymphatic vessels
are abundant in the periphery of tumors and that many tumors
also contain lymphatics within the tumor mass (4, 11). However,
the intratumoral lymphatic vessels are generally not functional in
transporting tissue fluid (12) and are often filled with tumor cells
(4, 13). Recent experimental and clinical data strongly suggest
that the number of lymphatics in a tumor, perhaps their size as
well, and the expression of lymphangiogenic growth factors are
important determinants in the ability of a tumor to metastasize
(14-18).

Thus, it may become possible to reduce metastasis by specif-
ically targeting tumor lymphatics (and the tumor tissue adjacent
to these vessels) for destruction. The LyP-1 peptide, which
specifically binds to tumor lymphatics (4), provides one potential
avenue for developing reagents that can specifically destroy
tumor lymphatics. This peptide also binds to the tumor cells in

www.pnas.org/cgi/doi/10.1073/pnas.0403317101

tumors that contain LyP-1-positive lymphatics, further expand-
ing the potential of this peptide.

We show here that i.v. injected LyP-1 strongly and specifically
accumulates in breast cancer xenografts over time, localizing
preferentially in hypoxic areas. We also report that LyP-1 has a
proapoptotic/cytotoxic effect on tumor cells and that systemic
administration of the LyP-1 peptide inhibits breast cancer xeno-
graft growth in mice. The treated tumors contain foci of
apoptotic cells and reduced numbers of lymphatic vessels. These
findings suggest that LyP-1 may provide a starting point for the
development of new antitumor agents.

Materials and Methods

Cell Lines and Tumors. MDA-MB-435 human breast carcinoma
cells and C8161 human melanoma cells were maintained in
DMEM supplemented with 10% FCS. Nude BALB/c nu/nu
mice were injected s.c. or into the mammary fat pad with 1 X 10°
tumor cells to induce tumors. A vascular endothelial growth
factor (VEGF)-C-transfected MDA-MB-435 cell line was pre-
pared as previously reported for MCF7 cells (13).

Antibodies and Immunohistology. Blood vessels were visualized by
staining tissue sections with monoclonal antibodies against
CD-31, CD-34, or MECA-32 (all rat anti-mouse antibodies from
Pharmingen). A polyclonal rabbit anti-mouse LY VE-1 antibody
(4) and a rat monoclonal anti-mouse podoplanin antibody
(provided by Kari Alitalo, University of Helsinki) were used to
visualize lymphatic vessels. The primary antibodies were de-
tected with goat anti-rabbit or anti-rat Alexa 594 (Molecular
Probes).

Biodistribution of fluorescein-conjugated peptides was exam-
ined after i.v. injection (100 ul of 1 mM peptide solution in 200
pl of PBS) into the tail vein of a mouse. The peptide was allowed
to circulate for various periods of time, and the mouse was
perfused through the heart with 4% paraformaldehyde. Tissues
were removed, soaked in 30% sucrose in PBS overnight, and
frozen in OCT embedding medium (Tissue-Tek). Alternatively,
tumor-bearing mice were i.v. injected with 500 ul of 1 mM
fluorescein-conjugated peptide in PBS, and the peptide was
allowed to circulate for 16-20 h.

The whole-body imaging was done under a blue light, by using the
imaging system of a fluorescence stereo microscope (model LZ12;
Leica, Deerfield, IL) equipped with a mercury 50-W lamp (19).

Determination of Vessel Density in Tissues. Frozen tumor sections
were stained with antibodies against CD-34 and podoplanin (5)
to visualize the tumor-associated blood and lymphatic vessels.
Using X200 magnification, each microscopic field in the hori-

Abbreviation: VEGF, vascular endothelial growth factor.
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zontal and the vertical directions was counted for the presence
of the two types of vessels.

Hypoxia. Hypoxic areas in the tumor were visualized by i.v.
injection of a hypoxia marker 2-nitroimidazole (EF5) (20) into
tumor-bearing mice (10 ul of 10 mM EFS5 per g), followed by
Cy3-conjugated mouse anti-EF5 (provided by Randall S.
Johnson, University of California at San Diego). Cultured
MDA-MB-435 cells were grown on coverslips and incubated
overnight at 37°C to allow for attachment and spreading of the
cells. Half of the cells were transferred to a hypoxia chamber
(0.1% oxygen/5% CO,) and incubated overnight under hy-
poxic conditions. Fluorescein-conjugated peptides (10 uM)
were added to the cells in 1% BSA in DMEM and incubated
for 3 h, followed by fixation with 4% paraformaldehyde in PBS.
The coverslips were mounted on glass slides by using Vecta-
Shield mounting media with 4’,6-diamidino-2-phenylindole
(Vector Laboratories).

Cytotoxicity Assay. Cytotoxic efficacy of the different peptides
was judged by measuring the release of a cytoplasmic enzyme,
lactate dehydrogenase, from damaged cells into the superna-
tant by using a colorimetric assay Cytotoxicity Detection Kit
(LDH assay; Roche Diagnostics). MDA-MB-435 cells were
plated on 96-well plates (6,000 cells per well) and incubated
overnight at 37°C to allow for attachment and spreading of the
cells. Cells were washed once with PBS, and 50 ul of 2% BSA
in DMEM was added to the cells. Peptides were added in
50 pl of H,O and incubated for 24-72 h at 37°C. After the
incubation, the cells were spun down (1,000 rpm, 10 min), and
the supernatant was transferred to a new plate. The color
reaction was added to the cells and incubated for 25 min before
the absorbance was read at 492 nm. Cells incubated with 50 ul
of H,O and 50 pl of 2% BSA in DMEM served as a background
control, and cells incubated with 1% Nonidet P-40 showed the
maximal cytotoxic value. The cytotoxicity was determined as
a percentage of the maximal value after the subtraction of the
background.

Tumor Treatment Studies. Tumor-bearing mice were treated with
i.v. injections of peptides beginning 4 weeks after tumor cell
inoculation. The injections were administered twice a week for
4-5 weeks. Tumor volumes were measured once a week and
were calculated according to the formula V' = width X
height X depth/2, derived from the formula for the volume of
an ellipsoid (21). Student’s ¢ test was used for statistical
analysis of the results. The animal experiments reported here
were approved by The Burnham Institute Animal Research
Committee.

Synthesis of Fluorescein-Conjugated Peptides. Peptides were syn-
thesized by using Fmoc-protected amino acids (Nova Bio-
chem) and HATU (PE Biosystems, Foster City, CA) as a
coupling reagent in dimethylformamide activated with diisio-
propylethylamine. All peptides were amide-capped at the C
terminus by the use of Fmoc-PAL-PEG-PS resin (PE Biosys-
tems). The peptides were conjugated with fluorescein at the N
terminus by reacting with fluorescein isothiocyanate isomer
(FITC, Aldrich) in dimethylformamide for 20 h in the presence
of diisiopropylethylamine.

Results

Fluorescein-Conjugated Homing Peptides Accumulate in Tumor Tissue.
Intravenously injected LyP-1 peptide was observed to home to
tumor-associated lymphatic vessels and tumor cells in MDA-
MB-435 xenografts and some other tumors (4). In this earlier
work, the peptide was allowed to circulate for <20 min. To
optimize the accumulation of LyP-1 in these tumors, we

9382 | www.pnas.org/cgi/doi/10.1073/pnas.0403317101

studied the distribution of the peptide for longer periods of
time. We found striking accumulation of fluorescein-
conjugated LyP-1 in tumors several hours after the injection.
At 16-20 h, the tumors of the LyP-1-injected mice were
brightly fluorescent in whole-body fluorescent imaging (19) of
intact mice (Fig. 14). Tumors from the mice injected with a
control peptide showed no fluorescence (Fig. 1B). Imaging of
dissected tumors and organs from the same animals revealed
strong fluorescence in tumors from mice injected with LyP-1,
whereas no fluorescence was detectable in the tumors from the
control peptide-injected mice. Other tissues showed no spe-
cific fluorescence with either peptide (Fig. 1 C and D).

We then confirmed the tumor-specificity of LyP-1 by quan-
tifying the fluorescence in the dissected tissues. Tumor fluores-
cence from the control peptide injection was too low to be
accurately distinguished from the background, but LyP-1 con-
centration was at least 15- to 40-fold higher in the tumors than
that of the control peptide, whereas fluorescence in other tissues
was not significantly different from the background (Fig. 1E). A
peptide closely related to LyP-1 (CNKRTRGGC; H.B., J. A.
Hoffman, P.L., and E.R., unpublished data) also strongly accu-
mulated in the tumors (LyP-1b in Fig. 1E). These results show
that the LyP-1 peptides accumulate in the MDA-MB-435 tumors
with extraordinary efficiency and that the accumulation is
specific. The LyP-1 fluorescence was mainly present in tumor cell
nuclei (Fig. 1F), whereas the control peptide was essentially
negative in tumor tissue (Fig. 1G). No fluorescence was detected
in other tissues with any of the peptides (shown for LyP-1 in brain
tissue in Fig. 1H).

LyP-1 Recognizes Metastatic Lesions. MDA-MB-435 tumor cells
transfected with the lymphangiogenic growth factor VEGF-C
produce tumors with increased number of lymphatic vessels
and enhanced propensity to metastasize into regional lymph
nodes and the lungs (13, 16, 22). In agreement with the ability
of LyP-1 to recognize tumor lymphatics, LyP-1 accumulation
in the VEGF-C-expressing tumors seemed to be stronger than
in the parental-line tumors (data not shown). LyP-1 peptide
also homed to the metastatic lymph nodes of the MDA-MB-
435/VEGF-C tumor mice (Fig. 2 A-F), colocalizing with
lymphatic endothelial markers (arrows in Fig. 2C) and tumor
cells (Fig. 2E) within the lymph nodes. No LyP-1 fluorescence
was detected in the vessels of normal lymph nodes; the nuclei
of a few isolated cells that appeared to be leukocytes were
positive (Fig. 2B Inset). Metastatic foci in lungs were also
positive for Lyp-1 (Fig. 2F). These results show that metastases
can retain the LyP-1 binding of the primary tumor and that the
same tumor can induce the LyP-1-binding epitope in the
lymphatic vessels of more than one tissue.

LyP-1 Peptide Recognizes Hypoxic Areas in Tumors. The tumor cells
that accumulated LyP-1 formed clusters within the tumors, and
these clusters contained few blood vessels (Fig. 34) but were
positive for lymphatic endothelial markers (Fig. 3B). The LyP-
1-positive tumor cell clusters were strikingly similar to clusters of
tumor cells revealed by uptake of hypoxia markers (23). This
similarity, and the lack of blood vessels, led us to examine a
possible connection between LyP-1 binding and hypoxia. Intra-
venously injected hypoxia reagent EF5 and fluorescein-labeled
LyP-1 accumulated in the same areas in the tumors, but the
staining for the two markers seemed to be mutually exclusive at
the level of individual cells (Fig. 3 C and D). If EF5 was injected
first, the homing of LyP-1 was reduced (Fig. 3C) and vice versa
(Fig. 3D). Moreover, injecting LyP-1 or EF5 alone gave a
stronger tumor signal for both compounds than the coinjections.
In contrast, the accumulation of EF5 in C8161 melanoma
xenografts, which are not recognized by LyP-1 (4), was unaf-
fected by coinjecting LyP-1 (data not shown). These results

Laakkonen et al.
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Fig. 1. Specific accumulation of lymphatic homing peptides in tumors. Mice bearing orthotopic MDA-MB-435 xenograft tumors were i.v. injected with
fluorescein-conjugated LyP-1 (A) or a fluorescein-conjugated control peptide (ARALPSQRSR) (B). The mice were anesthetized 16-20 h later and examined for
fluorescence under blue light. Tumor fluorescence of a LyP-1-injected tumor mouse is shown in A. No fluorescence was detected in tumors of mice injected with
the control peptide (B). After the external examination, the mice were killed, and tumor, kidneys, spleen, and liver were excised and examined for fluorescence.
LyP-1 produced intense fluorescence in the tumor, whereas no fluorescence was detectable in other organs (C). Even when imaged directly, no fluorescence was
observed in the control peptide-injected tumor (D). The gallbladder is autofluorescent and appears as a green spot in C and D. E shows quantification of the
imaging results for LyP-1 and for LyP-1b, which was analyzed in similar experiments. Mice that did not receive any fluorescent compound were used to determine
the level of autofluorescence in tissues, and this background was subtracted from the experimental values. The graph shows a representative experiment of three.
(F-H) Mice injected with peptides as in A and B were perfused through the heart, and their tumors were examined microscopically. Strong LyP-1 fluorescence
isseeninthe nuclei (visualized by 4’,6-diamidino-2-phenylindole staining) of tumor cells (F). No appreciable fluorescence from the control peptide isseen in tumor
tissue (G), and all normal tissues tested were negative for all peptides (the result for LyP-1 in the brain is shown in H). T, tumor; B, brain; H, heart; Lu, lungs; Li,
liver; S, spleen; K, kidneys. Magnification: F and G, X100; H, X200.

indicate that LyP-1 preferentially localizes in hypoxic parts of
tumors and that LyP-1 and EFS specifically affect one another’s
recognition of hypoxic tumor cells.

Serum Starvation Increases Binding of Fluorescein-Conjugated LyP-1

to Cultured MDA-MB-435 Cells. We next sought to reproduce the
effect of hypoxia on tumor cell recognition in vitro. We cultured

Laakkonen et al.

MDA-MB-435 cells under hypoxic conditions but detected no
increase in the number of cells that were positive for fluorescein-
conjugated LyP-1 (data not shown). However, we did see an
increase in the number of cells that had taken up LyP-1 when we
maintained the cells in low serum (compare Fig. 3 E and F).
Counting of LyP-1-positive cells showed that the difference was
2.5-fold. These results suggest that LyP-1 homing to tumors may
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Fig. 2. Lymphatic homing peptide recognizes metastases of VEGF-C-
expressing tumors. Fluorescein-conjugated LyP-1 peptide was i.v. injected into
mice bearing orthotopic VEGF-C-expressing MDA-MB-435 tumors and al-
lowed to circulate for 15 min. The tumor, lymph nodes, lungs, kidneys, and
liver were removed and prepared for immunohistology. Lymphatic vessels in
lymph node metastases (A-D) were visualized by staining with anti-LYVE-1
antibodies followed by goat anti-rabbit Alexa 594 (red, A and C). Nuclei were
visualized by 4’,6-diamidino-2-phenylindole staining (blue, B and D). A and B
and C and D show the same microscopic fields with different staining. LyP-1
peptide (green) is present in the nuclei of cells in and around enlarged
lymphatic vessels in lymph node metastases. These cells are tumor cells as
judged by their intense staining with anti-VEGF-C antibody (red, E). The
peptide is also seen in the nuclei of lymphatic endothelial cells (arrows in C).
No LyP-1 accumulated in a tumor-free lymph node (B Inset). A metastatic lung

tumor also accumulates LyP-1 (F; LyP-1, green; nuclei, blue). Magnification,
X200; Inset, xX50.

not be directly related to hypoxia but may result from the
attendant nutrient starvation.

LyP-1 Binding and Internalization Induce Cell Death. Studying the
internalization of the fluorescein-conjugated LyP-1 peptide in
cultured cells, we noticed that the LyP-1 positive cells tended to
round up, and the morphology of their nuclei frequently sug-
gested apoptosis. To investigate whether LyP-1 caused cell death,
we incubated MDA-MB-435 cells with unlabeled LyP-1 and
monitored cell lysis. Incubation with LyP-1 resulted in a con-
centration-dependent increase in cell lysis with an ICsy of ~66
uM (Fig. 44). C8161 human melanoma cells, which do not bind
LyP-1 (4), were not affected by the peptide. Control peptides
that resemble LyP-1 in their amino acid composition and/or
cyclic structure (CRVRTRSGC, Fig. 44) and two other peptides
[CGEKRTRGOC, a variant of LyP-1, which has no cell-binding
activity (4); and KECQSRLLSCP, (data not shown)] had no
effect on the viability of either cell line. Thus, LyP-1 specifically
kills cells that bind this peptide.

Systemic Treatment with LyP-1 Inhibits Tumor Growth and Reduces

the Number of Tumor Lymphatics. Given that LyP-1 had an in vitro
cytotoxic effect on the MDA-MB-435 tumor cells, we examined
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Fig. 3. LyP-1 peptide recognizes cell clusters that lack blood vessels but
contain lymphatics. Fluorescein-conjugated LyP-1 peptide was i.v. injected
into MDA-MB-435 tumor-bearing mice and allowed to circulate for 15 min.
LyP-1 peptide was seen in cell clusters throughout the tumor (green, A and B).
These areas did not contain blood vessels, as judged by staining with the blood
vessel endothelial marker, MECA-32 (red, A) but were often positive for the
lymphatic endothelial markers, LYVE-1 (red, B) and podoplanin (not shown).
The hypoxia marker EF5 (red), injected 8 h before LyP-1 (green), localized in
the LyP-1-positive patches within the tumors (C). Reversing the order of the
injections reduced the amount of EF5 in the LyP-1-positive patches (D). The
presence of the two compounds at the cellular level seemed to be mutually
exclusive. (E and F) LyP-1 binding to cultured cells is increased by serum
starvation. Fluorescein-conjugated LyP-1 peptide was added to MDA-MB-435
cells cultured either in 10% (E) or 0.1% (F) serum, and the binding and uptake
of the peptide by the cells was determined 3 h later. Serum starvation
increased the number of LyP-1-positive cells (LyP-1, green; nuclei, blue).
Magnification: A-D, X200; E and F, X100.

the effect of LyP-1 on tumor growth in vivo. We gave MDA-
MB-435 or MDA-MB-435/VEGF-C tumor mice biweekly i.v.
injections of the LyP-1 peptide, starting after the mice had
established palpable tumors. Fig. 4B shows one of three similar
treatment experiments. The LyP-1 peptide inhibited tumor
growth formed by both cell lines. The average reduction of tumor
volume relative to the control-treated mice was ~50% and highly
significant (P < 0.005). Increasing the dose of the LyP-1 peptide
did not improve the efficacy of the compound (data not shown).
The tumors of the LyP-1-treated animals contained numerous
TUNEL-positive cells, indicating apoptosis, whereas little apo-
ptosis was detected in the tumors of the control-treated mice
(Fig. 4 C and D). The increased apoptosis in the LyP-1 group was
specific for the tumor tissue; other tissues did not contain
significant numbers of TUNEL-positive cells (data not shown).

LyP-1-treatment selectively reduced the number of lymphatic
vessels in the tumors, while having a less prominent effect on the
blood vessel density in the same tumors (Fig. 5). These results are
in agreement with the in vivo homing pattern of the fluorescein-
conjugated LyP-1 peptide to the lymphatics in MDA-MB-435
tumor-bearing mice (4). It seems that the lymphatic endothelial
cells in the tumor are also susceptible to LyP-1.

Laakkonen et al.
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Fig. 4. LyP-1 peptide causes cell death in vitro and inhibits tumor growth in vivo. (A) LyP-1 (@, solid line) causes a dose-dependent release of lactate
dehydrogenase from the cultured MDA-MB-435 cells, whereas a control peptide (CRVRTRSGC, O) has no effect. LyP-1 does not release lactate dehydrogenase
from human C8161 melanoma cells (®, dotted line). (B) Mice bearing MDA-MB-435 tumors were injected twice a week with 60 ug of LyP-1 or its inactive variant
(CGEKRTRGQ), or with PBS. There were five mice/group; the treatment was started 4 weeks after the inoculation of the tumor cells (1-2 weeks after the tumors

became palpable) and lasted 4 weeks. One experiment of three is shown. LyP-1 reduced the mean tumor volume by an average of 50% (P < 0.05). (Cand D) TUNEL
staining (red) reveals clusters of apoptotic cells in the LyP-1-treated (C), but not control-treated (D), tumors. Blue, 4’,6-diamidino-2-phenylindole staining of

nuclei. Magnification, X200. The error bars in B show SEM.

Discussion

We report here that LyP-1, a peptide that specifically binds to
tumor lymphatics and tumor cells, strongly accumulates in breast

40 | PBS
. P
25 -
20 |
z
D
=
g 15 -
1} 3
]
g 10+
>
5 |
0

Blood vessels Lymphatic vessels

Fig. 5. LyP-1 peptide reduces the number of tumor lymphatics. Tumor
sections were stained with antibodies against CD-34 and podoplanin to
visualize and count tumor-associated blood vessels and lymphatics. LyP-1
reduced the number of lymphatic vessels by an average of 85% (three exper-
iments). Blood vessel density in the same tumors was affected less (average
reduction, 39%). The error bars show SD.
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cancer xenografts after an i.v. injection. The peptide and a
closely related variant of it preferentially localize in hypoxic
areas within the tumors. We also show that systemically admin-
istered LyP-1 causes tumor cell apoptosis, reduces the number of
tumor lymphatics, and inhibits tumor growth in mice bearing
breast cancer xenografts. These results suggest that it may be
possible to develop LyP-1-based cancer therapies.

The LyP-1 peptide shows strong accumulation in the MDA-
MB-435 tumors, including metastases from these tumors. The
efficacy and specificity of this peptide was sufficient to allow us
to visualize orthotopic tumors in intact mice based on fluores-
cence. Although fluorescence-based imaging of tumors formed
by GFP-producing cells in intact animals is possible (19), achiev-
ing it with an i.v. injected material may be unique. The remark-
able tumor-homing efficiency of the LyP-1 peptide may be
because of the propensity of this peptide to become internalized
by cells. Cells that bind the LyP-1 peptide transport it across the
cell membrane, into the cytoplasm and the nucleus. In this
regard, LyP-1 is similar to the Tat peptide and other cell-
penetrating peptides, which are also taken up by cells (24). An
important difference is that our LyP-1 peptides are cell type-
specific and deliver a payload to specific target cells: the
lymphatic endothelial and tumor cells in tumors that display the
“receptor” for these peptides. The internalization is likely to
contribute to the effectiveness of these peptides in becoming
concentrated in the targeted tumors. If this efficacy can be
reproduced in clinical settings, LyP-1-directed targeting of con-
trast agents may become useful in tumor detection.
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Our results show that treatment of tumor cells with the LyP-1
peptide causes cell death. This effect is specific because cells that
do not bind LyP-1 were not affected. The tumor cell apoptosis
we observed in vivo indicates that the LyP-1-binding cells die by
apoptosis.

Whereas the mechanism whereby LyP-1 kills cells remains to
be elucidated, the proapoptotic effect seems to be directed
against tumor cells that are under stress, as LyP-1 colocalized
with a tissue hypoxia marker in vivo, and serum starvation
enhanced LyP-1 binding and internalization by cultured tumor
cells in vitro. It will be important to identify the molecule
(receptor) to which LyP-1 binds at the cell surface (and that may
mediate the proapoptotic effect of LyP-1). Our efforts to isolate
a LyP-1 receptor by affinity chromatography and various cloning
methods have not yet been successful.

Treatment of tumor-bearing mice with the LyP-1 peptide
suppressed tumor growth. It also drastically reduced the expres-
sion of lymphatic endothelial markers in the treated tumors. This
latter result suggests that LyP-1 is also cytotoxic/proapoptotic
for lymphatic endothelial cells in tumors. As tumor lymphatics
have not been shown to be important for tumor growth (25), it
is likely that the antitumor activity of LyP-1 is related to its effect
on tumor cells rather than tumor lymphatics. However, given the
demonstrated role of tumor lymphatics in metastasis (15, 16, 22),
destroying tumor lymphatics with LyP-1 may be particularly
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effective in curtailing lymphatic spread of tumors. As lymphatics
appear to be the first target of LyP-1 in tumors (4), the antitumor
effect of LyP-1 may be particularly pronounced on tumor cells
within and close to the lymphatics, which are likely to be the cells
most probable to spread through the lymphatic system.

Hypoxia enhances metastasis (23, 26), and LyP-1 selectively
targets tumor cells in the hypoxic areas of tumors. This may be
another pathway through which LyP-1 could suppress metasta-
sis. MDA-MB-435 tumors are highly metastatic, and the VEGF-
C-expressing cells are even more aggressive in that regard. In this
study, we evaluated the effects of LyP-1 on established primary
tumors. As metastasis had already occurred at the time the
treatment began, we could not evaluate the effect of LyP-1 on the
metastatic spread. Studies to determine the effects of LyP-1 on
metastasis are underway. Nonetheless, the data already at hand
define this peptide as a potentially unique tool for tumor
diagnosis and treatment.
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The application of nanotechnology to medicine is providing
new approaches for the diagnosis and treatment of dis-
eases.!l™" Ultrasensitive imaging for early detection of
cancers and efficient delivery of therapeutics to malignant
tumors are two primary goals in cancer bionanotechnology;
however, the development of nontoxic, functional nanoparti-
cles that can successfully home to tumors presents some
significant challenges. Dextran-coated magnetic iron oxide
(IO) nanoparticles are of particular interest because they show
relatively low toxicity and long circulation, and dramatically
enhance hydrogen 7, relaxation in magnetic resonance
imaging (MRI).1>'"152% The clinical power of these materials
may be amplified by improving MRI relaxivity, blood
circulation times, and the homing of such nanoparticles to
tumors. Efforts to increase MRI sensitivity have focused on
development of new magnetic core materials,'®!?! or on
improvements in nanoparticle size®! or clustering.[7’22]
However, most efforts to improve the morphological char-
acteristics of these nanoparticles have resulted in materials
with relatively short circulation half-lives owing to incomplete
additional hydrophilic coatings.[®1%2!]

An emerging theme in nanoparticle research is to control
biological behavior and/or electromagnetic properties by
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controlling shape. The manipulation of electrical, magnetic,
and optical properties by controlling the shape of nanomater-
ials has been demonstrated in many areas.’”> ! There are,
however, limited studies that point to a shape dependence of
the in vitro or in vivo behavior of nanomaterials.'*?*8] One
of the most important pathways for clearance of nanoparticles
in vivo is the mononuclear phagocytic system (MPS). At the
micrometer scale, particle shape is known to play a dominant
role in particle uptake by phagocytes.[zﬁ] Some types of
elongated nanoparticles have been shown to exhibit low MPS
uptake and, as a result, prolonged blood half-life relative to
spherical shapes.!"*!*??! For example, spherical micelles are
taken up by phagocytes more readily than micelles that have
been extended into filaments by shear flow.'*! Conversely, for
targeted materials, elongation enhances the surface-to-volume
ratio, allowing polyvalent binding to amplify particle affinity
for cell surface receptors.[13’30]

In this work, we hypothesized that a nanostructure with an
elongated assembly of IO cores (referred to here as nano-
worms, NWs) would improve the ability of the nanoparticles to
circulate, target, and image tumors. The synthetic strategy is
inspired by the previous observation that magnetic nanopar-
ticles can become aligned along strands of high-molecular-
weight dextran.®'! We find that the geometry of the
nanoparticles (elongated versus spherical) influences their
efficacy both in vitro and in vivo by enhancing their magnetic
relaxivity in MRI, increasing their ability to attach to tumor
cells in vitro owing to enhanced multivalent interactions
between peptide-modified NW and cell receptors, and
amplifying their passive accumulation in vivo over spherical
nanoparticle controls.

The NW synthesis is similar to the typical preparation of
magnetic IO nanospheres (NSs), involving the reaction of
Fe(II) and Fe(III) salts in the presence of dextran.*?! In order
to prepare the wormlike morphology, the concentrations of
iron salts are higher and the molecular weight of dextran is
larger (20 kDa). The nanostructure appears in the transmission
electron microscopy (TEM) image (Fig. 1a) as a string of IO
cores (ca. 5 nm diameter) with an overall length on the order of
50nm. The mean hydrodynamic size, measured by dynamic
light scattering (DLS) is 65 nm (Table 1). It is not clear from the
data if the IO cores are in contact with each other or merely
in close proximity. When higher-molecular-mass dextran
(40kDa) is used, highly branched IO cores, with a larger size
(~100nm) and a broader size distribution (Supporting
Information Fig. 1) are obtained.

Adv. Mater. 2008, 20, 1630-1635
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coated particles composed of a
linear aggregate of 5-10 IO
cores (50-80nm) while NSs are
spherical, dextran-coated parti-
cles containing 1-2 IO cores
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Figure 1. Physical properties of magnetic NWs and conventional spherical nanoparticles (nanospheres; NSs)  tion valuel'>?!l' and the 1D
preparations. a) TEM image showing the wormlike nanostructure. More than 80% of the particles have a assembly.[22’35]

co.ntorted I|r?ear appearance with a hydrodynamic length of50—80 nm. Scale bar is 39 nm. (Inset: atomic force The efficiency of peptide-
microscopy image showing the elongated shape. Scale bar is 100 nm). b) Magnetization curves for NWs, NSs, . I
and Feridex. ¢) T, relaxation rates as a function of iron concentration (mm Fe) for NWs, NSs, and Feridex. targeted cellular internalization
d) T,-weighted MR images of NWs, NSs, and Feridex with different concentrations. of NW relative to NS was tested

on MDA-MB-435 tumor cells in

vitro. Conceptually, the elon-

To provide comparison, nanospheres were synthesized using  gated shape of the NWs is expected to provide a larger number

a published procedure.[32] They exhibited physical sizes of interactions between the targeting ligands and their
and shapes, magnetic responses, and biological properties cell-surface receptors compared with spherical nanoparticles
similar to what has been previously reported (Fig. 1, Table 1,  (Fig.2a). For this study, the internalizing peptide, F3, was used

Table 1. Characteristics of nanoworms (NWs) and nanospheres (NSs).

Sample [a] Size [b] [nm] Blood T/, [c] [min] Amine [per NW/NS] Peptide [per NW/NS] Peptide [per g Fe (X10%)]
NS 30.3 1060 0 0 0
NS-7-F 39.2 7 5 2.6
NS-30-F 39.6 30 10 5.3
NS-59-F 41.0 59 12 6.3
NwW 65.8 990 0 0 0
NW-42-F 73.7 42 23 1.7
NW-P42-F 873 42 16 1.2
NW-175-F 76.6 175 69 5.1
NW-P175-F 88.2 175 48 3.0
NW-350-F 76.1 350 83 6.2
NW-P350-F 90.8 350 59 4.4

[a]The number after the letter identifier designates the number of amine groups per particle. The letter P indicates a poly(ethylene glycol) spacer is used. The —F suffix denotes
F3-conjugated particle. [b]Hydrodynamic size based on DLS measurement (mean size resulting from three measurements). [c]Relative error in these measurements is 10%.
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Figure 2. Internalization of nanoworms (NWs) and nanospheres (NSs) conjugated with F3 peptides into
MDA-MB-435 cells. a) Conceptual scheme illustrating the increased multivalent interactions expected
between receptors on a cell surface and targeting ligands on a NW compared with a NS. b) Fluorescence
data comparing the efficiency of cellular internalization for various functionalized NW and NS systems.
NH,, F3, and PEG-F3 indicate aminated NW/NS, F3-conjugated NW/NS and PEGylgated F3-conjugated
NW/NS, respectively. c) Fluorescence microscope images of cells 3 h after incubation with F3(FITC)-
conjugated NW (NW-175-F) or F3(FITC)-conjugated NS (NS-30-F) (green). Nuclei are visualized with a

DAPI stain (blue). Scale bar is 20 um.

as the targeting species. F3 selectively targets cell-surface
nucleolin in tumor cells and tumor endothelial cells, and is
known to have cell-penetrating properties.[36’38] The number
of peptides coupled to the particles was controlled by varying
the extent of amination of the dextran coating (Table 1).
Superconducting quantum interference device (SQUID) and
fluorescence data indicate that internalization of F3-conjugated
NWs (NW-F) is enhanced relative to F3-conjugated NS (NS-F)
on a per-iron basis (Fig. 2b and Supporting Information Fig. 3a
and b). For either NWs or NSs, the degree of internalization
increases with the number of F3 peptides attached and
incubation time, and dextran-coated NWs or NSs that do not
contain targeting peptides display no evidence of internaliza-
tion. Incorporation of a poly(ethylene glycol) (PEG) linker
between the F3 targeting peptide and the NW reduces cellular
uptake of NW (Fig. 2b). In a competition study, equal amounts
(iron basis) of NW-175-F and NS-30-F were co-incubated, and
NWs were found to inhibit cellular uptake of NSs (Supporting
Information Fig. 3c). NWs recovered 24 h after internalization
in cells retained their original shape (Supporting Information
Fig.3d).

Circulation in the blood stream for a long period of time is a
key requirement for in vivo target-specific reporting and drug
delivery with nanomaterials.?**°1 We tested the blood
circulation times of unmodified NWs and NSs with an injection
dose of 3 mg Fe kg~ ! body mass in mice. Both exhibited similar
long circulation times (blood half-lives: 15-18 h) with a first-
order elimination rate (Fig. 3a and Table 1).'” NWs extracted

www.advmat.de
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from the bloodstream after 24h
retained their original shape (Sup-
porting Information Fig. 4) and they
showed a slight increase in hydro-
dynamic size (from ca. 65 to ca.
80 nm by DLS), attributed to protein
binding during circulation.

The biodistribution of NWs in the
mouse 24 h post injection is similar to
that reported previously for NSs.!'”!
These particles both display a ten-
dency to undergo MPS clearance in
the liver, spleen, and lymph nodes
(Fig.3b). However, there are some
differences in the biodistribution of
NWs relative to NSs. The fraction
of injected particles in the kidney is
lower relative to the liver for NWs
compared with NSs, whereas the
spleen:liver particle concentration
ratio is higher for NW.

In circulation nanoparticles tend
to passively accumulate in tumors,
since tumor vessels are generally
found to be more permeable than
the vessels of healthy tissues.?!
Passive tumor uptake of NWs in
mouse xenograft MDA-MB-435
tumors was greater than NS (Fig.3c). Interestingly, NWs
remain in the tumor 48 h after injection, whereas NS are almost
completely eliminated within this time period. The clearance
behavior of NS is similar to that observed with RGD-
conjugated quantum dots, which are of a comparable size.l’]
The data indicate that once NW extravasate into tumor tissue
from the blood vessels, they become physically trapped and do
not readily re-enter the blood stream. Thus more effective
diagnostic imaging or drug delivery may be possible with NW
than with NS.

High-aspect-ratio nanomaterials such as carbon nanotubes
and worm micelles have been found to circulate long enough to
enable homing to biological targets despite their micrometer-
sized length.">'*?°l In addition, pseudo-1D assemblies of
nanocrystals can display desirable optical or magnetic proper-
ties not found in the isodimensional materials.l*”! The linear
aggregation of 1O cores increases MRI sensitivity as shown in
this study, suggesting that NWs may offer an improved ability
to image very small or poorly vascularized tumors.

The mechanism by which iron cores become linearly
aggregated during synthesis requires further study, although
the key factor seems to the molecular mass of the dextran
polymer. Several methods to construct 1D assemblies of
nanocrystals have been reported in recent years, for example
involving the use of molecular coatings or biotemplates.[**4?!
These approaches provide a means to control the chain-like
nanostructures more precisely, although in vivo properties of
such materials have not yet been characterized.

Adv. Mater. 2008, 20, 1630-1635
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Figure 3. In vivo behavior of untargeted nanoworms (NWs) in the mouse.
a) Percentage of NW remaining in circulation as a function of time with an
injection dose (ID) of 3 mgFe kg™ ". The solid line represents an exponential
fit. b) Biodistribution of NW 24 h post injection. Bl, blood; Br, brain; H,
heart; K, kidneys; Li, liver; Lu, lungs; LN, lymph node; Sk, skin; and Sp,
spleen. c) Fluorescence images of mice bearing MDA-MB-435 tumors,
obtained 6, 24, and 48 h after injection of NW or NS with an ID of 1 mg Fe
kg~ '. Arrows and arrowheads point to the tumors and the livers, respect-
ively.
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There have been many studies comparing the targeting
ability of multivalent with monovalent ligands on nanomater-
ials.P%44 Here we have investigated the effect of nanopar-
ticle morphology on intracellular delivery while attempting to
maintain comparable surface chemical characteristics. For a
constant ratio of attached targeting peptides per iron atom,
NWs display a greater ability to be taken up by cultured tumor
cells than NSs. The data suggest that the enhanced polyvalency
of NWs versus NSs allows particles to bind to tumor cells with a
higher avidity. No significant uptake is observed if the NWs or
NSs contain no targeting peptides.

When shape and surface charge are held constant, the blood
circulation time of nanoparticles is generally observed to
decrease with increasing size.*’! However, nanomaterials that
are elongated along one dimension seem to be better able to
evade the organism’s natural elimination processes.!'>142"]
This study clearly demonstrates that nanoparticle size can be
increased along one dimension without sacrificing circulation
time. The geometric alignment of cores within NW provides
two key advantages over spherical counterparts: the elongated
shape, with its larger surface area, presents multiple targeting
ligands that can cooperatively interact with cell surfaces and
linearly aggregated IO cores generate improved T, relaxivity
for MR imaging. In addition, the nanomaterial is robust
enough to retain its shape during circulation in vivo and after
cell internalization. This is in contrast to softer structures, such
as elongated filomicelles, which fragment into smaller particles
in the cells and during circulation."¥ Overall, these results
indicate that magnetic NWs represent an improved nanoma-
terial platform for targeting and imaging tumors in vivo. In
addition to imaging, NWs may also facilitate more efficient
delivery of therapeutics to biological targets because of their
large surface area, multiple attachment points, and long blood
half-life. These findings are important for the design of in vivo
multifunctional nanoprobes applicable to the diagnosis and
treatment of a range of human diseases.

Experimental

Nanoworms (NWs) were synthesized using a modification of the
published preparation of dextran-coated IO nanoparticles [32]. For the
NW synthesis, a higher concentration of iron salts and a higher
molecular weight dextran (M 20,000 or 40,000, Sigma) were used.
NWs or NSs with different numbers of free amines were prepared for
peptide conjugation by reacting them with different concentrations of
aqueous ammonia at room temperature for 48h [16-18]. The amine
number per NW or NS was measured using the SPDP assay [16]. The
amine number per NW was calculated assuming that the molecular
weight of a NW is 7 times higher than a NS, based on the mean number
of aggregated IO cores for one NW observed in the TEM images and
supported by the DLS data. The sizes and shapes of NWs, NSs or
Micromod were characterized using TEM, AFM, and DLS. The
magnetic properties of NWs, NSs, or Feridex were determined using a
SQUID magnetometer. The surface charges of NWs or NSs were
measured using a Malvern Instruments Zetasizer equipped with an
autotitrator. MRI signals of NWs or NSs were analyzed using a Bruker
4.7 T magnet system.

One targeting peptides were used with the NW or NS samples:
KDEPQRRSARLSAKPAPPKPEPKPKKAPAKK (F3), which
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preferentially binds to blood vessels and tumor cells in various tumors
[36]. The fluorescein (FITC)-conjugated peptides were synthesized
using Fmoc chemistry in a solid-phase synthesizer, and purified by
preparative HPLC. Their sequence and composition were confirmed
by mass spectrometry. An extra cysteine residue was added to the
N-terminus to allow conjugation to the aminated dextran coating of the
NWs or NSs. For NIR fluorescence imaging, NWs or NSs were first
labeled with Cy5.5/Cy7 (one Cy5.5/Cy7 dye per one 10 core). The
remaining free amines were used for conjugation with the targeting
peptides. The number of FITC-peptides or Cy5.5/Cy7 dyes per single
NW or NS was determined from the absorbance spectrum. For the cell
uptake study, NW-42-F, NW-175-F, and NW-350-F display similar
numbers of F3 targeting peptides per iron atom compared with NS-7-F,
NS-30-F, and NS-59-F, respectively. Additionally, peptide conjugation
to the particles through PEG chains resulted in fewer peptides per
particle (Table 1).

For cell internalization tests, MDA-MB-435 cells were seeded into
24-well plates (10,000 per well) and cultured overnight. The cells were
then incubated with Cy7-labeled NW-F or NS-F (40 pg (total Fe
content) per well) for 30 min, 1 h, or 2h at 37 °C in the presence of 10%
FBS. The wells were rinsed three times with cell media and then
imaged in the Cy7 channel (750 nm excitation/800 nm emission) with a
NIR fluorescence scanner (LI-COR biosciences). The total number of
attached Cy7 dye molecules was controlled to yield the same
fluorescence intensity on a per-iron basis for both types of particles.
The relative fluorescence of the images (each well) was analyzed using
the ImageJ (NIH) or OsiriX (Apple) programs.

NW or NS in PBS (100 n.L) were intravenously injected into mice
(3mg Fekg™"). Blood samples were extracted at several different times
and magnetization and fluorescence intensities were analyzed by
SQUID or by NIR fluorescence, respectively. The blood half-lives of
NW and NS were calculated by fitting the fluorescence or magnetiza-
tion data to a single-exponential equation using a one-compartment
open pharmacokinetic model [17]. To determine tissue bio-distribution
of the unmodified NW, percentages of injected dose per wet weight of
each organ were quantified in healthy tumor-bearing mice.

For in vivo passive tumor targeting, mice bearing MDA-MB-435
tumors were anesthetized with intraperitoneal Avertin, and NW or NS
(1mg Fe kg™! body weight in 100 wL PBS) were injected into the tail
vein. For real-time observation of tumor/liver uptake, the mice were
imaged under anesthesia using NIR fluorescence imaging (Siemens).
To quantify NW or NS homing, tumors collected 24 h post injection
were analyzed for magnetization using SQUID [45]. All animal work
was reviewed and approved by the Burnham Institute’s Animal
Research Committee (see Supporting Information for details).
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Nanoparticle-based diagnostics and therapeutics hold great prom-
ise because multiple functions can be built into the particles. One
such function is an ability to home to specific sites in the body. We
describe here biomimetic particles that not only home to tumors,
but also amplify their own homing. The system is based on a
peptide that recognizes clotted plasma proteins and selectively
homes to tumors, where it binds to vessel walls and tumor stroma.
Iron oxide nanoparticles and liposomes coated with this tumor-
homing peptide accumulate in tumor vessels, where they induce
additional local clotting, thereby producing new binding sites for
more particles. The system mimics platelets, which also circulate
freely but accumulate at a diseased site and amplify their own
accumulation at that site. The self-amplifying homing is a novel
function for nanoparticles. The clotting-based amplification
greatly enhances tumor imaging, and the addition of a drug carrier
function to the particles is envisioned.

clotting | liver | peptide | tumor targeting | iron oxide

anomedicine is an emerging field that uses nanoparticles to
facilitate the diagnosis and treatment of diseases. Notable
early successes in the clinic include the use of superparamagnetic
nanoparticles as a contrast agent in MRI and nanoparticle-based
treatment systems (1, 2). The first generation of nanoparticles
used in tumor treatments rely on “leakiness” of tumor vessels for
preferential accumulation in tumors; however, this enhanced
permeability and retention is not a constant feature of tumor
vessels (3) and, even when present, still leaves the nanoparticles
to negotiate the high interstitial fluid pressure in tumors (3, 4).
An attractive alternative would be to target nanoparticles to
specific molecular receptors in the blood vessels because they are
readily available for binding from the blood stream and because
tumor vessels express a wealth of molecules that are not signif-
icantly expressed in the vessels of normal tissues (5-7).
Specific targeting of nanoparticles to tumors has been accom-
plished in various experimental systems (8-10), but the effi-
ciency of delivery is generally low. In nature, amplified homing
is an important mechanism, ensuring sufficient platelet accu-
mulation at sites of vascular injury. Amplified homing involves
target binding, activation, platelet—platelet binding, and forma-
tion of a blood clot. We have designed a nanoparticle delivery
system in which the particles amplify their own homing in a
manner that resembles platelets.

Results

CREKA Peptide. We used a tumor-homing peptide to construct
targeted nanoparticles. We identified this peptide by in vivo screen-
ing of phage-displayed peptide libraries (5, 11) for tumor homing in
tumor-bearing MMTV-PyMT transgenic breast cancer mice (12).

932-936 | PNAS | January 16,2007 | vol. 104 | no.3

The most frequently represented peptide sequence in the selected
phage preparation was CREKA (Cys-Arg-Glu-Lys-Ala). We syn-
thesized the CREKA peptide with a fluorescent dye attached to the
N terminus and studied the in vivo distribution of the peptide in
tumor-bearing mice. Intravenously injected CREKA peptide was
readily detectable in the PyMT tumors, and in MDA-MB-435
human breast cancer xenografts, minutes to hours after the injec-
tion. The peptide formed a distinct meshwork in the tumor stroma
[supporting information (SI) Fig. 54], and it also highlighted the
blood vessels in the tumors. The CREKA peptide was essentially
undetectable in normal tissues. In agreement with the microscopy
results, whole-body imaging using CREKA peptide labeled with the
fluorescent dye Alexa Fluor 647 revealed peptide accumulation in
the breast cancer xenografts and in the bladder, reflecting elimi-
nation of excess peptide into the urine (SI Fig. 5B).

Tumors contain a meshwork of clotted plasma proteins in the
tumor stroma and the walls of vessels, but no such meshwork is
detectable in normal tissues (13-15). The mesh-like pattern
produced by the CREKA peptide in tumors prompted us to
study whether clotted plasma proteins might be the target of this
peptide. We tested the peptide in fibrinogen knockout mice,
which lack the fibrin meshwork in their tumors. Like previously
identified clot-binding peptides (15), intravenously injected
CREKA peptide failed to accumulate in B16F1 melanomas
grown in the fibrinogen null mice but formed a brightly fluo-
rescent meshwork in BI6F1 tumors grown in normal littermates
of the null mice (Fig. 1 4 and B). In agreement with this result,
the CREKA phage, but not the control insertless phage, bound
to clotted plasma proteins in vitro (Fig. 1C). These results
establish CREKA as a clot-binding peptide. Its structure makes
it an attractive peptide to use in nanoparticle targeting because,
unlike our other clot-binding peptides, which are cyclic 10 amino
acid peptides (15), CREKA is linear and contains only 5 aa.
Moreover, the sulfhydryl group of the single cysteine residue is
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Fig. 1.  Tumor homing of CREKA pentapeptide. (A and B) Fluorescein-

conjugated CREKA peptide (200 g per mouse) was injected into mice bearing
syngeneic B16F1 melanoma tumors. Representative microscopic fields are
shown to illustrate homing of fluorescein-CREKA to fibrin-like structures in
tumors in wild-type mice (A, arrow) and lack of homing in fibrinogen null mice
(B). (C) The CREKA phage binds to clotted plasma proteins in a test tube,
whereas nonrecombinant control phage shows little binding. (D) Dextran-
coated iron oxide nanoparticles conjugated with fluorescein-CREKA bind to
clotted plasma proteins, and the binding is inhibited by free CREKA peptide.
(D Inset) The microscopic appearance of the clot-bound CREKA-SPIO. [Mag-
nification: X200 (A and B) and X600 (D Inset).]

not required to provide binding activity and can be used to
couple the peptide to other moieties.

Peptide-Coated Nanoparticles. We coupled fluorescein-labeled
CREKA or fluorescein onto the surface of 50-nm superpara-
magnetic, amino dextran-coated iron oxide (SPIO) nanopar-
ticles. Such particles have been extensively characterized with
regard to their chemistry, pharmacokinetics, and toxicology and
are used as MRI contrast agents (16-18). Coupling of the
fluorescein-labeled peptides to SPIO produced strongly fluo-
rescent particles. Releasing the peptide from the particles by
hydrolysis increased the fluorescence further by a factor of ~3
(data not shown). These results indicate that the proximity of the
fluorescein molecules at the particle surface causes some
quenching of the fluorescence. Despite this quenching, fluores-
cence from the coupled fluorescein peptide was almost linearly
related to the number of peptide molecules on the particle (SI
Fig. 6), allowing us to track the number of peptide moieties on
the particle by measuring particle fluorescence and to use
fluorescence intensity as a measure of the concentration of
particles in samples. We used CREKA-SPIO with at least 8,000
peptide molecules per particle in our in vivo experiments. The
CREKA-SPIO nanoparticles bound to mouse and human
plasma clots in vitro, and the binding was inhibited by the free
peptide (Fig. 1D). The nanoparticles distributed along a fibrillar
meshwork in the clots (Fig. 1D Inset). These results show that the
particle-bound peptide retains its binding activity toward clotted
plasma proteins.

Tumor Homing vs. Liver Clearance of CREKA-SPIO. Initial experi-
ments showed that intravenously injected CREKA-SPIO nano-
particles did not accumulate effectively in MDA-MB-435 breast
cancer xenografts. In contrast, a high concentration of particles
was seen in reticuloendothelial system (RES) tissues (Fig. 24
Upper). Because the free CREKA peptide effectively homes to
these tumors (SI Fig. 5), we hypothesized that the RES uptake
was a major obstacle to the homing of the nanoparticles. We
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Fig. 2. Tumor homing of CREKA-conjugated iron oxide particles. CREKA-
SPIO particles were intravenously injected (4 mg of Fe per kg) into BALB/c nude
mice bearing MDA-MB-435 human breast cancer xenograft tumors measuring
1-1.5cmin diameter. The mice were killed by perfusion 5-6 h later, and tissues
were examined for CREKA-SPIO fluorescence (green). Nuclei were stained
with DAPI (blue). (A) Distribution of CREKA-SPIO in tissues from MDA-MB-435
tumor mice that 2 h earlier had received an injection of PBS (Upper) or
Ni/DSPC/CHOL liposomes (Ni-liposomes) containing 0.2 umol Ni in 200 ul of
PBS (Lower). (B) Plasma circulation half-life of CREKA-SPIO after different
treatments. At least four time points were collected. Data were fitted to
monoexponential decay by using Prizm software (GraphPad, San Diego, CA),
and the half-life values were compared in unpaired t test (***, P < 0.0001
relative to PBS control; n = 10). (C) Accumulation of CREKA-SPIO nanoparticles
in tumor vessels. Mice were injected and tissues were collected as in A.
Fluorescent intravascular CREKA-SPIO particles overlap with iron oxide
viewed in transmitted light. (Magnification: X600.) (D) Control organs of
Ni-liposome/CREKA-SPIO-injected mice. Occasional spots of fluorescence are
seen in the kidneys and lungs. The fluorescence seen in the heart did not differ
from uninjected controls, indicating that it is autofluorescence. Representa-
tive results from at least three independent experiments are shown. [Magni-
fication: X200 (A and D) and X600 (C).]

confirmed the role of the RES in the clearance of CREKA-SPIO
by depleting RES macrophages in the liver with liposomal
clodronate (19). This treatment caused an ~5-fold prolongation
in particle half-life (Fig. 2B). Particulate material is eliminated
from the circulation, because certain plasma proteins bind to the
particles and mediate their uptake by the RES (opsonization)
(20, 21). Injecting decoy particles that eliminate plasma opsonins
is another commonly used way of blocking RES uptake (22, 23).
We tested liposomes coated with chelated Ni?* as a potential
decoy particle because we surmised that iron oxide and Ni**
would attract similar plasma opsonins, and Ni-liposomes could
therefore deplete them from the systemic circulation. Indeed,
SDS/PAGE analysis showed that significantly less plasma pro-
tein bound to SPIO in the blood of mice that had been pretreated
with Ni-liposomes (results not shown).

Intravenously injected Ni-liposomes prolonged the half-life of

PNAS | January 16,2007 | vol. 104 | no.3 | 933

MEDICAL SCIENCES


http://www.pnas.org/cgi/content/full/0610298104/DC1
http://www.pnas.org/cgi/content/full/0610298104/DC1
http://www.pnas.org/cgi/content/full/0610298104/DC1

xS

/

1\

=y

N A

the SPIO and CREKA-SPIO in the blood by a factor of ~5 (Fig.
2B). The Ni-liposome pretreatment, whether done 5 min or 48 h
before the injection of CREKA-SPIO, greatly increased the
tumor homing of the nanoparticles, which primarily localized in
tumor blood vessels (Fig. 2 A Lower and D). The local concen-
tration of particles could be so high that the brownish color of
iron oxide was visible in the optical microscope (Fig. 2C Right),
indicating that the fluorescent signal observed in tumor vessels
was from intact CREKA-SPIO. Fewer particles were seen in the
liver after the Ni-liposome pretreatment, but accumulation in
the spleen was unchanged or even enhanced (Fig. 24). Other
organs contained minor amounts of CREKA-SPIO particles or
no particles at all, whether Ni-liposomes were used or not (Fig.
2D). Although Ni-liposomes were quite effective, they caused
some deaths in the tumor mice, prompting us to also test plain
liposomes as decoy particles. These liposomes prolonged the
blood half-life and tumor homing of subsequently injected
CKEKA-SPIO (Fig. 2B and data not shown), suggesting the
existence of a common clearance mechanism for liposomes and
SPIO. However, although the plain liposomes showed no ap-
parent toxicity, they were less effective as decoy particles than
the Ni-liposomes. Reducing the Ni content of the liposomes may
provide a suitable compromise between toxicity and efficacy.

Nanoparticle-Induced Blood Clotting in Tumor Vessels. CREKA-
SPIO particles administered after liposome pretreatment pri-
marily colocalized with tumor blood vessels, with some particles
appearing to have extravasated into the surrounding tissue (Fig.
34 Top). Significantly, up to 20% of tumor vessel lumens were
filled with fluorescent masses. These structures stained for fibrin
(Fig. 34 Middle), suggesting that they are blood clots impreg-
nated with nanoparticles. In some of the blood vessels, the
CREKA-SPIO nanoparticles were distributed along a meshwork
(Fig. 34 Middle Inset), presumably formed of fibrin and associ-
ated proteins, and similar to the pattern shown in Fig. 1D Inset.

Among the non-RES tissues, the kidneys and lungs contained
minor amounts of specific CREKA-SPIO fluorescence (Fig.
2D). However, low-magnification images, which reveal only
blood vessels with clots in them, showed no clotting in these
tissues, with the exception of very rare clots in the kidneys (SI
Fig. 7). Despite massive accumulation of nanoparticles in the
liver, we saw no colocalization between fibrin(ogen) staining and
CREKA-SPIO fluorescence in liver vessels (SI Fig. 8). More-
over, liver tissue from a noninjected mouse also stained for
fibrin(ogen) (SI Fig. 8B), presumably reflecting fibrinogen pro-
duction by hepatocytes. Thus, the clotting induced by CREKA-
SPIO nanoparticles is essentially confined to tumor vessels.

Nanoparticles can cause platelet activation and enhance
thrombogenesis (24, 25). Some CREKA-SPIO nanoparticles
(<1%) recovered from blood were associated with platelets (SI
Fig. 94), but staining for a platelet marker showed no colocal-
ization between the platelets and CREKA-SPIO nanoparticles
in tumor vessels (Fig. 34 Bottom). We also induced thrombo-
cytopenia by injecting mice with an anti-CD41 monoclonal
antibody (26) and found no noticeable effect on CREKA-SPIO
homing to the MDA-MB-435 tumors (SI Fig. 9B). These results
indicate that platelets are not involved in the homing pattern of
CREKA-SPIO.

The deep infiltration of clots by nanoparticles suggested that
these clots must have formed at the time particles were circu-
lating in blood rather than before the injection. We tested this
hypothesis with intravital confocal microscopy, using Dil-labeled
erythrocytes as a flow marker. There was time-dependent clot
formation and obstruction of blood flow in tumor blood vessels
with parallel entrapment of CREKA-SPIO in the forming clots
(Fig. 3B; and see SI Movie 1).

We next tested whether the clotting-inducing effect was
specific for SPIO particles, or could be induced with a different

934 | www.pnas.org/cgi/doi/10.1073/pnas.0610298104
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Fig. 3. Accumulation of CREKA-SPIO nanoparticles in tumor vessels. Mice
bearing MDA-MB-435 xenografts were injected with Ni-liposomes and
CREKA-SPIO nanoparticles as described in the legend to Fig. 2. The mice were
perfused 6 h after the nanoparticle injection, and tissues were collected. (A
Top) Colocalization of nanoparticle fluorescence with CD31 staining in blood
vessels. (A Middle) Colocalization of nanoparticle fluorescence and antifi-
brin(ogen) staining in tumor blood vessels. (Inset) An image showing CREKA-
SPIO distributed along fibrils in a tumor blood vessel. (A Bottom) Lack of
colocalization of nanoparticle fluorescence with anti-CD41 staining for plate-
lets. (B) Intravital confocal microscopy of tumors using Dil-stained red blood
cells as a marker of blood flow. The arrow points to a vessel in which stationary
erythrocytesindicate obstruction of blood flow. Blood flow in the vessel above
is not obstructed. Six successive frames from a 1-min movie (S| Movie 1) are
shown. (C) CREKA-coated liposomes colocalize with fibrin in tumor vessels.
The results are representative of three independent experiments. [Magnifi-
cation: X600 (A and C) and X200 (B).]

CREKA-coated particle. We used liposomes into which we
incorporated fluorescein-CREKA peptide that was coupled to
lipid-tailed polyethylene glycol. Like CREKA-SPIO, the
CREKA-liposomes selectively homed to tumors and colocalized
with fibrin within tumor vessels (Fig. 3C), suggesting that
CREKA liposomes are also capable of causing clotting in tumor
vessels. No clotting was seen when control SPIO or control
liposomes were injected in the tumor mice.

Clotting-Amplified Tumor Targeting. We next studied the contri-
bution of clotting to the accumulation of CREKA-SPIO in
tumor vessels. Quantitative analysis of tumor magnetization with
a superconducting quantum interference device (SQUID) (Fig.
44), and measurement of the fluorescence signal (data not
shown) revealed ~6-fold greater accumulation of CREKA-
SPIO in Ni-liposome-pretreated mice compared with PBS-
pretreated mice. Aminated SPIO control particles did not sig-
nificantly accumulate in the tumors (Fig. 44).

The SQUID measurements revealed that injecting heparin,
which is a strong clotting inhibitor, before injection of CREKA-
SPIO reduced tumor accumulation of nanoparticles by >50%
(Fig. 4A4). Microscopy showed that heparin reduced the fibrin-
positive/CREKA-SPIO-positive structures within tumor vessels
but that the particles still bound along the walls of the vessels,
presumably to preexisting fibrin deposits (a representative image
is shown in Fig. 4B). Separate quantification of the homing
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Fig.4. Effectofblood clotting on nanoparticle accumulationintumors. Mice
bearing MDA-MB-435 human breast cancer xenografts were intravenously
injected with PBS or a bolus of 800 units/kg of heparin, followed 120 min later
by Ni-liposomes (or PBS) and CREKA-SPIO (or control nanoparticles). The mice
received additional heparin by i.p. injections (a total of 1,000 units/kg) or PBS
throughout the experiment. (A) Tumors were removed 6 h after the nano-
particle injection, and magneticsignal in the tumor after different treatments
was determined with SQUID. Aminated dextran SPIO served as a particle
control (control SPIO). SPIO nanoparticle concentration in tissues is repre-
sented by the saturation magnetization value (electromagnetic unit, emu) of
the tissue at 1T magnetic field after the subtraction of the diamagnetic and
the paramagnetic background of blank tissue. The magnetization values were
normalized to dry weight of the tissue. Results from three experiments are
shown. (B) Quantification of heparin effect on clotting in blood vessels. Mice
were pretreated with PBS (open bars) or heparin (filled bars) as described
above, followed by Ni liposomes/CREKA-SPIO nanoparticles. Three sections
from two tumors representing each treatment were stained with anti-CD31
for blood vessels, and the percentage of vessels positive for fluorescence and
fluorescent clots was determined. Note that heparin did not significantly
change the percentage of blood vessels containing particles, but dramatically
decreased the incidence of the lumens that are filled with fluorescence. (C) A
representative example of the appearance of CREKA-SPIO particles in tumor
vessels of mice treated with heparin. (D) Near-infrared imaging of mice that
received Ni-liposomes, followed by Cy7-labeled CREKA-SPIO, with or without
heparin pretreatment. The images were acquired 8 h after the injection of the
CREKA-SPIO particles by using an Odyssey 2 NIR scanner (Li-COR Biosciences,
Lincoln, NE). The images shown are composites of two colors, red (700-nm
channel, body and chow autofluorescence) and green (800-nm channel, Cy7).
Arrows pointto the tumors, and arrowheads point to the liver. Note the strong
decrease in signal from the tumor in the heparin-pretreated mouse. One
representative experiment of three is shown.

pattern showed that heparin did not significantly reduce the
number of vessels with nanoparticles bound to the vessel walls,
but essentially eliminated the intravascular clotting (Fig. 4C).
Thus, the binding of CREKA-SPIO to tumor vessels does not
require the clotting activity that is associated with these particles,
but clotting improves the efficiency of the tumor homing.

The clotting induced by CREKA-SPIO caused a particularly
strong enhancement of tumor signal in whole-body scans.
CREKA-SPIO nanoparticles labeled with Cy7, a near-infrared
fluorescent compound, effectively accumulated in tumors
(Fig. 4D, image on the left, arrow), with a significant signal
from the liver as well (arrowhead). The reduction in the tumor
signal obtained with heparin (Fig. 4D, image on the right)
appeared greater in the fluorescence measurements than the
50% value determined by SQUID, possibly because the con-
centrated signal from the clots enhanced optical detection of
the fluorescence. These results suggest that the clotting in-
duced by CREKA-SPIO provides a particular advantage in
tumor imaging.

Simberg et al.

Discussion

We describe a nanoparticle system that provides effective accu-
mulation of the particles in tumors. The system is based on four
elements: First, coating of the nanoparticles with a tumor-
homing peptide that binds to clotted plasma proteins endows the
particles with a specific affinity for tumor vessels (and tumor
stroma). Second, decoy particle pretreatment prolongs the blood
half-life of the particles and increases tumor targeting. Third, the
tumor-targeted nanoparticles cause intravascular clotting in
tumor blood vessels. Fourth, the intravascular clots attract more
nanoparticles into the tumor, amplifying the targeting.

We chose a peptide with specific affinity for clotted plasma
proteins as the targeting element for our nanoparticles. The
interstitial spaces of tumors contain fibrin and proteins that
become cross-linked to fibrin in blood clotting, such as fibronec-
tin (13, 15). The presence of these products in tumors, but not
in normal tissues, is thought to be a result of leakiness of tumor
vessels, which allows plasma proteins to enter from the blood
into tumor tissue, where the leaked fibrinogen is converted to
fibrin by tissue procoagulant factors (13, 14). The clotting creates
new binding sites that can be identified and accessed with
synthetic peptides (15). The present results show that the
CREKA-modified nanoparticles not only bind to blood and
plasma clots but can also induce localized tumor clotting. The
nature of the particle may not be important for this activity,
because we found both CREKA-coated iron oxide nanoparticles
and micron-sized CREKA-coated liposomes to cause clotting in
tumor vessels. The mechanism by which CREKA-SPIO and
CREKA-liposomes induce vascular clotting requires further
study. We speculate that the binding of one or more clotting
products by the CREKA-modified particles may shift the bal-
ance of clotting and clot dissolution in the direction of clot
formation and that the presence of this activity at the surface of
particles may facilitate contact-dependent coagulation.

Some nanomaterials are capable of triggering systemic throm-
bosis (27), but, here, the thrombosis induced by the CREKA
particles was confined to tumor vessels. The high concentration
of the targeted particles in tumor vessels partially explains the
selective localization of the thrombosis to tumor vessels. How-
ever, because no detectable clotting was seen in the liver, where
the nanoparticles also accumulate at high concentrations, other
factors must be important. The procoagulant environment com-
mon in tumors is likely to be a major factor contributing to the
tumor-specificity of the clotting (28). It remains to be seen
whether CREKA particles might bind to other regions of
pathological clotting activity in the body (e.g., wounds) and to
induce additional clotting at such sites.

A major advantage of nanoparticles is that multiple functions
can be incorporated onto a single entity. We describe here an in
vivo function for nanoparticles that has not been described
previously; self-amplifying tumor homing enabled by nanopar-
ticle-induced clotting in tumor vessels and the binding of addi-
tional nanoparticles to the clots. Our nanoparticle system com-
bines several other functions into one particle: specific tumor
homing, avoidance of the RES, and effective tumor imaging. We
used optical imaging in this work, but the SPIO platform also
enables MRI imaging, which does not suffer from the tissue-
penetration problems that limit optical imaging in animals larger
than mice and in humans. The clotting caused by CREKA-SPIO
nanoparticles in tumor vessels serves to focally concentrate the
particles in a manner that appears to improve tumor detection
by microscopic and whole-body imaging techniques.

Another possibly useful function of our targeted particles is
that they cause physical blockade of tumor vessels by local
embolism. Blood vessel occlusion by embolism or clotting can
reduce tumor growth (29, 30).To date, we have achieved a 20%
occlusion rate in tumor vessels. Preliminary tumor treatment
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experiments (D.S., L.Z., and E.R., unpublished work) have
indicated that this degree of vessel occlusion is not sufficient to
reduce the rate of tumor growth. However, future optimization
of the procedure may change that. Finally, because of the
modular nature of nanoparticle design, the functions we describe
here can be incorporated into particles with additional activities.
We envision the design of drug-carrying nanoparticles that
accumulate in tumor vessels and slowly release the drug payload
while simultaneously occluding the vessels.

Materials and Methods

Phage Screening, Tumors, and Peptides. /n vivo screening of a
peptide library with the general structure of CX;C, where C is
cysteine and X is any amino acid, was carried out as described
(5) by using 65- to 75-day-old transgenic MMTV PyMT mice
(31). These mice express the polyoma virus middle T antigen
(MT) under the transcriptional control of the mouse mammary
tumor virus (MMTV), leading to the induction of multifocal
mammary tumors in 100% of carriers. MDA-MB-435 tumors in
nude mice and peptide synthesis have been described (32, 33).
B16F1 murine melanoma tumors were grown in fibrinogen null
mice (34) and their normal littermates and were used when they
reached 0.5-1 cm in size (15).

Nanoparticles and Liposomes. Amino group-functionalized dextran-
coated superparamagnetic iron oxide nanoparticles (50-nm
nanomag-D-SPIO; Micromod Partikeltechnologie, Rostock, Ger-
many) were coupled with CREKA peptide by using a cross-linker.
The final coupling ratio was 30 nmol of fluorescein-labeled peptide
molecules per milligram of iron oxide, or 8,000 peptides per
particle. For near-infrared labeling with Cy7, ~20% of the amines
were derivatized with Cy7-NHS ester (GE Healthcare Bio-Sciences,
Piscataway, NJ), and the remaining amines were used for conju-
gating the peptide. Details on the SPIO and the preparation of
liposomes are described in SI Materials and Methods. Clodronate
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was purchased from Sigma (St. Louis, MO) and incorporated into
liposomes as described (19).

Nanoparticle Injections. For i.v. injections, the animals were anes-
thetized with i.p. Avertin, and liposomes (2 wmol of DSPC)
and/or nanoparticles (1-4 mg of Fe per kg of body weight) were
injected into the tail vein. The animals were killed 5-24 h after
injection by cardiac perfusion with PBS under anesthesia, and
organs were dissected and analyzed for particle homing. To
suppress liver macrophages, mice were intravenously injected
with liposomal clodronate suspension (100 ul per mouse), and
the mice were used for experiments 24 h later. All animal work
was reviewed and approved by the Burnham Institute’s Animal
Research Committee.

Phage and Nanoparticle Binding to Clots. Phage binding to clotted
plasma proteins was determined as described (15). CREKA-
SPIO and control SPIO were added to freshly formed plasma
clots in the presence or absence of free CREKA peptide. After
10 min of incubation, the clots were washed four times in PBS,
transferred to a new tube and digested in 100 ul of concentrated
nitric acid. The digested material was diluted in 2 ml of distilled
water, and the iron concentration was determined by using
inductively coupled plasma—optical emission spectroscopy (ICP-
OES; PerkinElmer, Norwalk, CT).

Plasma Protein Binding to Nanoparticles, Particle Clearance from the
Blood, Intravital Microscopy and Magnetic Measurements. For infor-
mation on plasma protein binding and the other methods, see ST
Materials and Methods.
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Abstract

Tumor blood vessels normalized by antiangiogenic therapy
may provide improved delivery of chemotherapeutic agents
during a window of time but it is unknown how protein
expression in tumor vascular endothelial cells changes. We
evaluated the distribution of RGD-4C phage, which binds
o33, o35, and o3, integrins on tumor blood vessels before
and after antiangiogenic therapy. Unlike the control phage,
fd-tet, RGD-4C phage homed to vascular endothelial cells in
spontaneous tumors in RIP-Tag2 transgenic mice in a dose-
dependent fashion. The distribution of phage was similar to
a,3; and o503, integrin expression. Blood vessels that survived
treatment with AG-013736, a small molecule inhibitor of
vascular endothelial growth factor and platelet-derived growth
factor receptors, had only 4% as much binding of RGD-4C phage
compared with vessels in untreated tumors. Cellular distribu-
tion of RGD-4C phage in surviving tumor vessels matched the
o3 integrin expression. The reduction in integrin expression
on tumor vessels after antiangiogenic therapy raises the
possibility that integrin-targeted delivery of diagnostics or
therapeutics may be compromised. Efficacious delivery of drugs
may benefit from identification by in vivo phage display of
targeting peptides that bind to tumor blood vessels normalized
by antiangiogenic agents. (Cancer Res 2006; 66(5): 2639-49)

Introduction

The morphologic, organizational, and metabolic diversity of
endothelial cells exemplifies the heterogeneity of the microvas-
culature (1). In the brain, continuous endothelial cells of the
blood-brain barrier restrict the movement of solutes, whereas
fenestrated endothelial cells of the choroid plexus favor solute
flux (2). Signals from endothelial cells influence the formation of
bone (3) and the development of the pancreas and liver from the
primitive endoderm (4, 5). Compared with quiescent established
blood vessels, endothelial cells in angiogenic blood vessels express
additional proteins, such as the o,Bs, o,B5 (6-8) and the agPB,
integrins (9). Peptides that bind specifically to distinct vascular
beds in normal mice and in a human subject, as identified by
in vivo phage display, show the inherent molecular heterogeneity
within the microvasculature (1, 10, 11). Intraorgan vascular
heterogeneity has also been shown by two peptide phage that
are ephrin A-type ligand mimetics that bind solely to the
vasculature of normal murine pancreatic islets with increased
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localization to islet tumor blood vessels (12). Given such inherent
molecular diversity of the normal and tumor microvasculature,
resident receptor proteins for selective targeting of diagnostic and
therapeutic agents to specific vascular beds can be identified and
exploited.

An example of a tumor-targeting phage is one displaying the
sequence, CDCRGDCEFC (termed RGD-4C phage). The double cyclic
RGD-4C peptide binds with a 200-fold greater ir vitro affinity to
oyP3 and o, Ps integrins and a 50-fold greater affinity to the asp;
integrin than the linear GRGDSP peptide (13). Moreover, in vivo
studies show RGD-4C phage have a 40- to 80-fold greater selectivity
for tumor blood vessels (8). Tumor burden decreased upon
i.v. delivery of the RGD-4C peptide fused to either doxorubicin or
to a proapoptotic peptide with reduced host toxicity (14, 15).
Other studies revealed FITC-labeled RGD-4C peptide binds to both
human MDA-MB-435 tumor xenografts and infiltrating murine
tumor endothelial cells (16).

In addition to site-directed targeting, inhibition of proangiogenic
factors and their signaling pathways has shown promise as tumor
therapies (17, 18). Tumor blood vessel regression is enhanced when
therapeutic regimens combine vascular endothelial growth factor
receptor (VEGFR)-2 inhibitors, such as SU5416, with platelet-
derived growth factor receptor (PDGFR)-p inhibitors, such as
SU6668 or Gleevec (19), in implanted rat gliomas and pancreatic
islet tumors (20, 21). We have recently shown that VEGF Trap, a
soluble VEGFR-1/VEGFR-2 chimeric antibody that binds VEGF-A,
VEGF-B, and placental growth factor-1 (22), and AG-013736, a
potent small molecule inhibitor of VEGF/PDGF receptor tyrosine
kinases (23), cause the disappearance of endothelial fenestrations,
tumor vessel regression, and the appearance of basement mem-
brane ghosts in murine pancreatic islet tumors (24). Although
combination therapies using antiangiogenic compounds with
chemotherapy are successful (25, 26), the timing for administration
of secondary therapeutic(s) via the normalized tumor vasculature
is likely to be a critical factor (27, 28). Although the surviving
normalized tumor vessels are functional, molecular changes to the
tumor endothelium following antiangiogenic therapy are less well
understood.

In this study, we examined the physiologic distribution of the
tumor-targeting RGD-4C phage by immunofluorescence microsco-
py in blood vessels of the RIP-Tag2 pancreatic islet tumor mouse
model (29) and its distribution following AG-013736 therapy.
The first objective of this study was to compare the distribution of
RGD-4C versus fd-tet phage in tumor blood vessels. We sought
to quantify the dose dependency of phage distribution and to
corroborate the distribution of o3 and asP,; integrins to that of
RGD-4C phage in tumor blood vessels. In addition, we compared
the targeted localization of RGD-4C phage in tumor blood vessels
to normal blood vessels in the lung, thyroid gland, cerebral cortex,
and liver. Our second objective was to determine whether RGD-4C
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phage could be used as a biological tool to determine whether
endothelial cells that survive antiangiogenic therapy modify their
pattern of integrin expression, thereby signaling a phenotypic
change in the vasculature.

Materials and Methods

Animals. RIP-Tag?2 transgenic mice from a C57BL/6 background contain
the insulin promoter-driven SV40 T-antigen and produce spontaneous
multifocal and multistage pancreatic islet tumors (29). RIP-Tag2-positive
mice were genotyped from tail-tip DNA by PCR. Male and female RIP-Tag2
mice and nontransgenic littermates between 8 and 12 weeks of age were
used in these studies. Mice were housed under barrier conditions at
the animal care facility at the University of California, San Francisco. The
Institutional Animal Care and Use Committee at University of California,
San Francisco, approved all experimental procedures.

Phage preparation. Purified single-stranded fd-tet (30) or CDCRGDCFC
(13) phage DNA was electroporated into competent MC1061 Escherichia
coli (31), and plated onto Luria-Bertani agar medium containing 100 mg/L
streptomycin and 40 mg/L tetracycline (LB/Strep/TET). Single colonies
were picked, peptide inserts were amplified by colony PCR, and sequences
were verified (12). Phages were amplified overnight at 37°C with agitation
from a single transformed MC1061 colony in 100 mL LB/Strep/TET. Phage
were precipitated from the bacterial supernatant with 15% NaCl/PEG 8000
(Fisher Scientific, Tustin, CA) for 1 hour on ice, pelleted by centrifugation
for 20 minutes at 4°C at 10,400 X g, gently resuspended in 5 mL sterile PBS,
and precipitated with 15% NaCl/PEG 8000 on ice for 30 minutes. The final
phage pellet was gently resuspended in 100 pL sterile PBS, centrifuged for
2 minutes at maximum g force, and the supernatant was filtered through
a 0.22 pm syringe filter. Infectivity titers were determined using established
protocols (32).

Phage and antibody injections and tissue preparation. Purified,
titered phage preparations were used within 24 hours of preparation. Serial
dilutions of phage at 10° 10% and 107 transforming units (TU) were made
with DMEM containing Earle salts (University of California, San Francisco
Cell Culture Facility) to a final volume of 200 pL. Twenty-five micrograms
hamster CD61 (PharMingen, San Diego, CA), rat CD51 (eBioscience,
San Diego, CA), monoclonal rat CD49e antibodies (PharMingen), or
corresponding amounts of normal hamster (Jackson ImmunoResearch,
West Grove, PA) or rat serum antibodies (Jackson ImmunoResearch) were
diluted with sterile saline to a final volume of 125 pL each and filtered
through 0.22 pm filters. Phage and antibodies were administered i.v.
into Avertin (2,2,2-tribromoethanol, 0.015-0.017 mg/g, injected i.p.,
Sigma-Aldrich Corp., St. Louis, MO)-anesthetized mice (32) and allowed
to circulate for 6 minutes. Body temperatures of anesthetized mice were
maintained with a heating pad. Mice were systemically perfused with 1%
paraformaldehyde in PBS, pH 7.4, and tissues were frozen (12).

AG-013736 treatment. Nine-week-old male RIP-Tag2 mice (n = 10)
were injected with either AG-013736 (25 mg/kg, ip., BID) or with the
vehicle [three parts PEG 400 to seven parts acidified H,O (pH 2)] for 7
days. AG-013736 is a potent small molecule inhibitor of VEGF/PDGF
receptor tyrosine kinases (ICsp, 1.2 nmol/L for VEGFR-1, 0.25 nmol/L for
VEGFR-2, 0.29 nmol/L for VEGFR-3, 2.5 nmol/L for PDGFR-{3, 2.0 nmol/L
for c-Kit, and 218 nmol/L for FGFR-1; ref. 23), and was provided by
Pfizer Global Research and Development (San Diego, CA). Treated mice
were injected iv. with 10° TU RGD-4C phage and perfused as described
above.

Immunohistochemistry. Details for immunostaining fixed frozen
sections and sections of phage injected tissues were previously described
(12). For immunostaining antibody-injected tissues, sections were incubated
with either monoclonal Armenian hamster anti-mouse CD31 (1:1,000,
Chemicon, Temecula, CA) or monoclonal rat antimouse CD31 antibodies
(1:500, PharMingen) and 5% normal goat serum (Jackson ImmunoResearch)
with 1% Triton X-100 in PBS (PBST; pH 7.4). Rinsed sections were incubated
in secondary antibody solutions containing goat FITC-conjugated anti-rat
antibodies (1:200, Jackson ImmunoResearch) and goat Cy3-conjugated anti-
Armenian hamster antibodies (1:400, Jackson ImmunoResearch), or goat

FITC-conjugated anti-Armenian hamster antibodies (1:200, Jackson Immuno
Research), or goat Cy3-conjugated anti-rat antibodies (1:400, Jackson
ImmunoResearch) and 5% normal goat serum in PBST. Triple stained
sections were incubated with monoclonal rat anti-mouse CD31, monoclonal
Cy3-conjugated a-smooth muscle actin (a-SMA, 1:2,000, Sigma-Aldrich),
rabbit polyclonal anti-fd-bacteriophage antibody (1:5,000, Sigma-Aldrich),
and 5% normal mouse serum in PBST. Rinsed sections were incubated in a
secondary antibody solution containing mouse FITC-conjugated anti-rat
IgGs, mouse Cy5-conjugated anti-rabbit IgGs (1:400, Jackson ImmunoR-
esearch), and 5% normal mouse serum in PBST. For the AG-013736 studies,
frozen 80 pm sections from vehicle or AG-013736-treated tissues were
incubated with monoclonal Armenian hamster anti-mouse CD31 and
monoclonal rat CD49e antibodies (1:500, PharMingen) and 5% normal goat
serum in PBST. Rinsed sections were incubated in a secondary antibody
solution containing goat FITC-conjugated anti-Armenian hamster anti-
bodies and goat Cy3-conjugated anti-rat antibodies in PBST.

Imaging. Fluorescence images were acquired using an externally coded,
three-chip charge-coupled device camera (CoolCam, SciMeasure Analytical
Systems, Atlanta, GA) fitted on a Zeiss Axiophot fluorescence microscope
with Fluar objectives or with a Zeiss LSM 510 Laser Scanning confocal
microscope with krypton-argon and helium-neon lasers at 488, 543, and 633
nm (Carl Zeiss, Jena, Germany) and analyzed with the Zeiss LSM 510
software v. 3.2.2.

Quantification of phage in blood vessels. Densities of phage
immunoreactivity in blood vessels, hereafter called phage vessel area
density, for the dose-dependent studies were quantified from 20-pm-thick
confocal projections of immunostained RIP-Tag2 islets using Image]
(http://rsb.info.nih.gov/ij/) with the Zeiss LSM Reader plug-in interface
(http://rsb.info.nih.gov/ij/plugins/Ism-reader.html). Total blood vessel
densities of tumor islets were determined from CD3l-immunoreactive
blood vessels and calculated from user-defined islet regions after thresholds
were empirically determined. Phage vessel area densities were calculated as
the number of pixels of phage immunoreactivity divided by the total vessel
area represented by CD31 immunoreactivity. Mean phage vessel area
density values and SEs were determined from five islet tumors or acinar
regions each from three mice injected with 10°, 10%, and 10’ TU RGD-4C
phage, and five islet tumors each from three mice injected with 10, 10°, and
107 TU fd-tet phage. For the buffer control, five to six islet tumors each
were analyzed from five mice. For the AG-013736 studies, phage vessel area
densities were quantified from digital Coolcam fluorescence images
acquired with a x10 Fluar objective. Phage vessel area densities were
determined as the percentage of red pixels (phage) to the total number of
green pixels (CD31) in islets using the threshold setting of 50 for each image.
Mean =+ SE values were calculated from five images per mouse (n = 5 mice
per group). Statistical analyses were determined by the ANOVA Bonferroni-
Dunn test. Cy3 anti-rat CD49e fluorescence intensities of 80 pm pancreatic
immunostained sections from vehicle and AG-013736-treated mice were
measured from digitized Coolcam images acquired with a x20 Fluar
objective. Cy3 digitized images were converted to grayscale 8-bit images
using the look-up table importer plug-in in Image]. A customized look-up
table that defines the boundaries of fluorescence intensities as a spectrum
of color from 0 to 255 was applied to each 8-bit image that was then
converted to a surface plot. Increased fluorescence intensities correspond to
increased peak heights in the Z-plane.

Results

Distribution of RGD-4C phage in tumor blood vessels.
Tumors in RIP-Tag2 transgenic mice were used as a model because
they are multifocal and multistage, thereby allowing visualization of
phage in tumor blood vessels during various stages of tumorigenesis
as well as in normal blood vessels in the acinar pancreas. The
immunohistochemical staining pattern of i.v. administered 10° TU of
RGD-4C phage in the tumor vasculature was distinct and punctate
(Fig. 1). In RIP-Tag2 tumors, RGD-4C phage was abundant in blood
vessels 6 minutes after injection such that the majority of the tumor
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AG-013736 Treatment Decreases RGD-4C Phage Localization
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Figure 1. Localization of 10° TU RGD-4C phage to RIP-Tag2 islet tumor blood vessels. A, blood vessels (CD31, green) in two RIP-Tag2 tumors contain (B)
RGD-4C phage (red). RIP-Tag2 tumor blood vessels contain negligible amounts of (C) fd-tet phage (red), whereas (D) vessels in normal islets contain a minimal
amount of RGD-4C phage (red, arrows). RGD-4C or fd-tet phage show minimal binding to blood vessels in the acinar pancreas from either RIP-Tag2 or C57BL/6 mice
(B-D, asterisks). E, RGD-4C phage (red) colocalize with blood vessels (green) in a RIP-Tag2 tumor with small focal regions of extravasated phage (arrowheads),
whereas acinar blood vessels do not contain RGD-4C phage (asterisk). F, at high magnification, RGD-4C phage (red) are primarily confined within tumor blood vessels
(green); however, extravasated phage (arrow) outside blood vessels do not colocalize with associated pericytes (a-SMA, blue). Bar in (F) applies to all panels: A to C,
160 um; D, 80 um; E, 60 um; F, 13 um.
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vasculature could be delineated by RGD-4C phage immunoreactivity
(Fig. 14 and B). In contrast, an equivalent amount of the insertless,
negative control phage, fd-tet, did not localize to tumor blood vessels
(Fig. 1C); RGD-4C phage localized much less to blood vessels in
normal islets (Fig. 1D, arrows). RGD-4C phage accumulation was not
influenced by tumor size and was distributed throughout the tumor
vasculature with focal regions of extravasation (Fig. 1E, arrowheads).
Moreover, the amount of RGD-4C phage was comparatively low
to none in the acinar pancreas blood vessels of either RIP-Tag2
or normal mice (Fig. 1B-E, asterisks). Extravasated RGD-4C phage did
not seem to colocalize with a-SMA-immunoreactive pericytes (Fig.
1E arrow).

Quantification of RGD-4C phage in tumor blood vessels.
The affinity of RGD-4C phage binding to blood vessels in RIP-Tag2
tumors was examined further by decreasing the injected dose from
10° to 107 TU (Fig. 2). We reasoned that if ir vivo binding of RGD-4C

phage was a specific event, then our immunofluorescence studies
should show a reduction of phage binding commensurate with
decreasing amounts of i.v. administered phage. These experiments
should also provide information regarding the threshold for phage
detection by immunohistochemistry. The amount of RGD-4C phage
in blood vessels in RIP-Tag2 tumors was reduced when the amount
of injected phage decreased from 10° to 10’ TU (Fig. 24-C).
Background immunostaining in tumor blood vessels from bulffer-
treated control mice was negligible (data not shown). RGD-4C
phage was detectable when injected at 10° TU (Fig. 2C, right);
however, the immunoreactivity was comparable with fd-tet phage
injected at 10’ TU (data not shown). Mean RGD-4C and fd-tet phage
vessel area densities were quantified in CD3l-immunoreactive
tumor blood vessels at each dose (Fig. 2D). At 10° TU, the mean
RGD-4C phage vessel area density was 4-fold greater than that of
fd-tet phage in tumor blood vessels and was statistically significant
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Figure 2. Dose-dependent RGD-4C phage distribution in RIP-Tag2 tumor blood vessels. A to C, identical confocal images are split: /eft, phage immunoreactivity
(red) in blood vessels (CD31, green); right, phage immunoreactivity only. RGD-4C phage distribution in RIP-Tag2 tumor blood vessels from mice receiving (A) 10°,
(B) 108, and (C) 107 TU RGD-4C phage decreases with decreasing dose. D, quantification of mean phage vessel area densities show the amount of RGD-4C phage
in the tumor islet vasculature at 10° TU was ~ 4-fold greater than fd-tet phage, whereas mean RGD-4C and fd-tet phage area densities were similar at 107 TU.
Bonferroni-Dunn analysis of the mean RGD-4C phage area density in islet tumor blood vessels compared with acinar vessels at the 10° TU dose was statistically

significant (*P < 0.0027). Bar in (C) applies to all panels (A-C), 26 um.
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[ cbsq
*[ cp61 (B, integriny

O rat 1IgG

Figure 3. Luminal 23, o, and as integrin expression in RIP-Tag2 tumor vessels. Confocal images of RIP-Tag2 pancreatic islet tumors show heterogeneous
expression of (A) Bs integrin (CD61, red), and (B) «, integrin (CD51, red) in tumor blood vessels (CD31, green). Immunoreactivity of «, integrin is weaker than
that of the p3 integrin in tumor blood vessels. C, as integrin expression (CD49e, red) is homogenous throughout the islet tumor vasculature (green). D, immunoreactivity
of injected control normal rat serum antibodies (red) in tumor blood vessels (green) was minimal and similar to their localization in the acinar blood vessels (asterisk).
Leakage of ay (B, arrows), as integrin antibodies (C, arrows), and rat IgGs (D, arrow) is apparent outside the tumor vasculature. Bar in (D) applies to all panels:

A and D, 53 um; B, 132 um; and C, 64 um.

compared with the amount of RGD-4C phage found in normal blood
vessels of the acinar pancreas. The amount of RGD-4C phage found
in the acinar pancreas blood vessels at this dose was similar to
the background immunoreactivity measured in islet tumors from
buffer-injected RIP-Tag2 control mice. At 10° TU, the mean RGD-4C
phage area density in tumor blood vessels was 3.4-fold greater
than that of fd-tet phage. Mean phage vessel area densities for
RGD-4C and fd-tet phages were similar at the injected dose of 107
TU. Unlike RGD-4C phage, the mean fd-tet phage vessel area density
in tumor blood vessels was similar when injected into RIP-Tag2
mice at either 10° or 10” TU.

Molecular specificity of RGD-4C phage localization in tumor
blood vessels. Given that the RGD peptide is the recognition
sequence for many adhesive proteins, such as the o,Bs oPs,
and osP; integrins (33), we sought to evaluate the molecular
specificity of RGD-4C phage localization by examining the
in vivo distribution of the o, B3, and a5 integrins in RIP-Tag2
tumor blood vessels (Fig. 3). Similar to the phage immunostaining
pattern, Pz integrin (CD61, a binding partner of «, integrin),
immunoreactivity in blood vessels of RIP-Tag2 tumors was not
uniformly distributed (Fig. 34). Some blood vessels were strongly
stained whereas others were devoid of 33 integrin immunoreactivity.
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o, Integrin (CD51) immunoreactivity was weaker and nonuniformly
distributed in tumor blood vessels as well (Fig. 3B). Consistent with
recent reports (34, 35), a5 integrin (CD49e) immunoreactivity and,
hence, a5p; integrin expression, because this integrin is a unique
heterodimer (33), was strong and uniformly distributed throughout
the tumor blood vessels and was not detectable in adjacent normal
acinar blood vessels (Fig. 3C). Neither control hamster (data not
shown) nor rat serum antibodies colocalized with tumor blood
vessels or normal blood vessels in the acinar pancreas (Fig. 3D,
asterisk). Extravasation of a,, as, and rat serum antibodies from
tumor blood vessels was apparent outside tumor blood vessels
(Fig. 3B-D, arrows).

Distribution of RGD-4C phage in other tissues. In contrast to
its distribution in tumor blood vessels, negligible amounts of RGD-
4C phage were found in blood vessels of the lung (Fig. 44) and in
capillaries surrounding the thyroid follicles (Fig. 4B), whereas phages
were not detected in the cerebral cortex (Fig. 4C). Interestingly, by
increasing the input of RGD-4C phage to 5 x 10° TU, we observed
phage in blood vessels of the cerebral cortex (data not shown). Phage
immunoreactivity was distinct, punctate, and evenly distributed

within the hepatic endothelial sinusoids such that the sinusoids
(Fig. 4D, arrow) surrounding each central vein (Fig. 4D, arrowhead)
were delineated by phage immunoreactivity. Rapid clearance
of phage by the reticuloendothelial system and corresponding
accumulation of phage in the liver as determined by bacterial
infection (8) are consistent with our observations of identical high
amounts of RGD-4C phage (Fig. 4D) or fd-tet phage immunoreac-
tivity in the murine liver and spleen (data not shown) after a
6-minute circulation time. The half-life of injected fd-tet phage in
the blood was ~ 5.5 minutes and recovery of fd-tet phage from the
C57BL/6 mouse liver 6 minutes postinjection was typically 4% of
total injected phage in a nonsaturated system (data not shown).
After a 60-minute circulation, fd-tet phage was not detected in
hepatocytes but were present in Kupffer cells with the majority
of fd-tet phage associated with sinusoidal endothelial cells (data
not shown).

Reduced RGD-4C phage localization after AG-013736 treat-
ment. Preferential localization of RGD-4C phage to the tumor
vasculature prompted us to examine whether the distribution
of RGD-4C phage in tumor blood vessels following treatment of

Ecb3t
[JRGH-4C phage

Cerebral cortex

Thyroid

Figure 4. Distribution of RGD-4C and fd-tet phage in normal blood vessels. RGD-4C phage immunoreactivity (red) in blood vessels (CD31, green) of the
RIP-Tag2 (A) lung, (B) thyroid gland, and (C) cerebral cortex is low to none in these normal blood vessels after a 6-minute circulation. D, distribution of RGD-4C
phage immunoreactivity (red) in the liver is largely constrained within the sinusoidal endothelium (arrow) that drain toward a central vein whose borders are CD31
immunoreactive (green, arrowhead). Bar in (D) applies to all panels: A, 7 ym; B and D, 13 uym; C, 27 pm.
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Figure 5. RGD-4C phage localization decreases in blood vessels after AG-013736 treatment. A, RGD-4C phage (red) colocalize with CD31-immunoreactive
tumor blood vessels (green) from RIP-Tag2 mice treated with vehicle for 7 days. B, surviving blood vessels following AG-013736 treatment for 7 days contain variable
and lower amounts of RGD-4C phage (red, arrow). C, the mean phage vessel area density quantified from islet blood vessels of vehicle versus AG-013736-treated mice
show that RGD-4C phage binding is reduced to 4% in the AG-013736-normalized tumor vasculature. Bonferroni-Dunn analysis of the mean phage vessel

area density between vehicle-treated and AG-013736-treated islet vasculature was statistically significant (*, P < 0.0001). Bar in (B) applies to (A and B): A, 106 um;

B, 132 ym.

RIP-Tag2 mice with AG-013736 would be altered (Fig. 5). We
reasoned that if tumor blood vessels are normalized (28) following
AG-013736 treatment, the amount of RGD-4C phage bound in vivo
would reflect a difference in endothelial cell integrin expression.
Pancreatic sections from vehicle-treated mice injected with
RGD-4C phage 6 minutes before perfusion showed strong phage
immunoreactivity in tumor blood vessels (Fig. 54) that was similar
to islet vessels in untreated RIP-Tag2 mice (compare with Fig. 1B
and E). Conversely, RGD-4C phage localization in islet blood vessels
was greatly reduced in AG-013736-treated mice (Fig. 5B, arrow).
Blood vessels in the AG-013736-treated tumors had notably
uniform diameters and decreased tortuosity than vehicle-treated
tumors as previously reported (24). RGD-4C phage area density in
the AG-013736-treated islet vasculature was ~4% of that
quantified from vehicle-treated vessels (Fig. 5C).

Reduced o;3; integrin expression in AG-013736-treated
tumor blood vessels. To understand the molecular basis for the
marked decrease of RGD-4C phage distribution in the surviving
islet blood vessels of AG-013736-treated mice, the expression of the
osP; integrin was evaluated in vehicle versus AG-013736-treated
pancreatic sections by immunohistochemistry (Fig. 6). Expression
of a5(3; was chosen because its expression was robust and uniform
in untreated RIP-Tag2 tumor blood vessels (Fig. 3C). In vehicle-
treated mice, a5p; integrin expression in tumor blood vessels was
similar to that found in untreated RIP-Tag2 mice (Fig. 64 and B).
Alternatively, a5, integrin immunoreactivity in the remaining islet
blood vessels from mice treated with AG-013736 for 7 days was
much less and heterogeneous (Fig. 6C and D). In some islet blood
vessels, a5, integrin expression was strong (Fig. 6C and D, arrow),
whereas expression was weak (Fig. 6C and D, yellow arrowhead) or
absent in other blood vessels (Fig. 6C and D, white arrowhead).
Acinar blood vessels were also «s3; immunoreactive because
the antibody was not administered i.v.. a5, Integrin fluorescence

intensity in vehicle versus AG-013736-treated islet blood vessels of
large islet tumors was decreased in the latter (Fig. 6F and F).
Qualitative differences of o3, integrin fluorescence intensities in
the corresponding surface plot illustrate significantly decreased
peak heights in surviving islet blood vessels from AG-013736-
treated mice (Fig. 6G).

Discussion

We show the in vivo cellular distribution of RGD-4C phage by
immunofluorescence microscopy is highly sensitive and reflects
the expression of vascular receptors. We established RGD-4C phage
colocalize with CD31-immunoreactive tumor blood vessels and
that extravasation of phage from tumor blood vessels occurs in
focal regions within a few minutes. Quantification of phage area
density in tumor blood vessels showed a dose dependency that is
consistent with specific binding and to o, as and (3 integrin
expression. Treatment of RIP-Tag2 mice with AG-013736 markedly
decreased the amount of RGD-4C phage bound to surviving
blood vessels, which was consistent with decreased osP; integrin
expression. RGD-4C phage binding to the normal endothelium was
barely detectable, whereas systemic clearance of phage occurred
mainly via the hepatic sinusoidal endothelial cells.

Differential integrin expression in vehicle versus AG-
013736-treated blood vessels. Consistent with earlier reports
(6-9), our studies show the a3 and asP, integrins that bind the
RGD-4C phage in normal blood vessels were up-regulated in tumor
blood vessels. Following AG-013736 treatment, our studies showed
endothelial expression of the a5, integrin was substantially down-
regulated. Studies using primary endothelial cells isolated from
human umbilical cord veins show o3, asR;, and a,P; integrins
are physically associated with VEGF 45-bound VEGFR-2 (36, 37).
Moreover, endothelial cell migration and proliferation are
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Figure 6. «sP4 Integrin expression decreases in AG-013736-treated islet blood vessels. A and B, tumor blood vessels (CD31, green) in pancreatic islets from
vehicle and AG-013736-treated RIP-Tag2 mice show robust homogeneous asp+ integrin immunoreactivity (CD49e, red) of blood vessels immunostained on pancreatic
tissue sections from vehicle-treated mice, whereas (C and D) surviving islet blood vessels in AG-013736-treated mice show strong (arrow), weak (yellow arrowhead),
or no (white arrowhead) asf34 integrin expression. Qualitative comparison of as4 immunofluorescence intensities of blood vessels from large islet tumors between
(E) vehicle and (F) AG-013736-treated mice shows (G) markedly decreased vascular asp4 integrin expression in AG-013736-treated RIP-Tag2 mice. Bar in (F)
applies to (A-F): A and B, 106 um; C and D, 53 pm; E and F, 60 pm.
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enhanced when cells were plated on vitronectin, fibronectin, and
type I collagen, the primary cognate ligands for o,fs, o0, and
ayB, integrins, respectively. Adhesion proteins, such as fibronectin,
vitronectin, laminin, as well as collagen, contain the RGD binding
motif as recognized by the o,B3 o5p;, and ayP; integrins,
respectively (33). The presence of basement membrane ghosts
lacking endothelial cells in AG-013736-treated RIP-Tag2 islet
tumors (24) is consistent with our current finding of integrin
down-regulation because integrins mediate cell adhesion to the
basement membrane. Others have shown decreased endothelial
cell expression of integrins such as o, [3; may account for the loss of
capillary lumen maintenance and tube formation (38). We have
shown decreased expression of VEGFR-2 and VEGFR-3 in
AG-013736-treated RIP-Tag2 tumors (24). Thus, down-regulation
of VEGF receptors by AG-013736 and decreased RGD-4C binding to
AG-013736-treated tumors may have effectively disrupted the
crosstalk between VEGF and adhesion receptors (39, 40). Whether
integrin expression is down-regulated as a result of inhibiting
VEGFR-2 signaling cascades or by directly inhibiting integrin
transcription is unknown. The net effect of AG-013736 treatment in
RIP-Tag2 tumors indicates that the surviving tumor blood vessels
are functional and have decreased levels of integrin expression
despite the high VEGF concentration in these tumors (41). Our
results suggest that AG-013736 therapy may act synergistically with
integrin antagonists (42) in combination therapy to effect a faster
rate of tumor blood vessel regression.

Pericyte changes associated with AG-013736 treatment.
Comparison of pericyte morphology in wild-type mice to the
RIP-Tag2 tumor mouse model (43) and a mouse model of prostate
cancer (44) show pericytes are loosely associated with tumor blood
vessels, have processes that extend away from the vessel wall,
overlap with other pericytes, and accompany and extend beyond
endothelial sprouts. Due to the heterogeneity of islet tumors in the
RIP-Tag2 model, the amount of a-SMA-immunoreactive pericytes
increases with tumor size, whereas vessels in hyperplastic islets
have mostly desmin-immunoreactive pericytes (43). Subsequent
to this work, Inai et al. (24) showed pericyte processes are more
tightly associated with normalized blood vessels in tumors from
RIP-Tag2 mice treated with AG-013736 for 7 days by scanning
electron microscopy. An interesting finding of this work is that
although the area density of CD31-immunoreactive blood vessels
decreases by 79% following AG-013736 treatment, the reduction of
a-SMA-immunoreactive pericyte area density (33%) is not coinci-
dent with vessel regression but is similar to the reduction of
basement membrane area density. Indeed, immunohistochemistry
with all three marker proteins, a-SMA, CD31, and type IV collagen,
shows the a-SMA-immunoreactive pericytes associate with either
normalized blood vessels or with basement membrane sleeves that
do not contain endothelial cells. Recent studies showed that
pericytes of RIP-Tag2 mice treated with AG-013736 for 7 days
and then withdrawn from treatment for 4 days reverted to that
morphology described by Morikawa et al (43).* Immunohisto-
chemical studies using antibodies that recognize PDGFR- showed
the area density of PDGFR-p-immunoreactive pericytes was
unchanged in the absence or presence of AG-013736 and after
AG-013736 treatment was withdrawn. Consistent with earlier
studies (24), however, the ratio of a-SMA and PDGFR-3 area

4 M.R. Mancuso, et al. Rapid vascular regrowth in tumors after reversal of VEGF
inhibition, submitted for publication.

densities decreased during AG-013736 treatment and returned to
baseline levels 7 days after withdrawal of AG-013736. These results
suggest sustained AG-013736 treatment reverted pericyte protein
expression to a normal phenotype rather than decreased the total
number of pericytes. The biochemical transformation of pericytes
following AG-013736 treatment corresponds with their gross
morphologic changes to a more normal phenotype (24). Whether
vessel normalization and pericyte transformation occurs concur-
rently or in a sequential fashion is unknown. Decreased endothelial
expression of osP; integrin and the findings of pericyte trans-
formations upon treatment with a broad-spectrum compound,
such as AG-013736, lends further support for effective treatment of
tumors with combination therapies.

Physiologic evaluation of tumor blood vessels by RGD-4C
phage. Recent reports show that combination therapies of
antiangiogenic inhibitors are more efficacious when used with
low-dose chemotherapy (25-27). In addition, because tumors
activate multiple angiogenic pathways, others propose that clinical
therapies should include cocktails of angiogenic inhibitors that
target multiple angiogenic pathways (18, 28). The paradox of
abrogating tumor blood vessels in antiangiogenic therapy when
delivery of therapeutics is dependent on a functional vasculature
can be resolved because angiogenic inhibitors gradually “prune”
the dysfunctional tumor vasculature to a more “normalized” state
(28). The period in which the normalized functional vasculature
can be effectively used to deliver appropriate therapeutics,
however, is a critical temporal window (26). Accurate assessment
of the tumor vasculature during antiangiogenic therapy by peptide
phage such as RGD-4C may provide one variable by which the rate
and extent of tumor blood vessel normalization can be evaluated
for appropriate application of secondary treatment regimens.

Targeting specificity of RGD-4C phage. The distribution of 10°
TU RGD-4C in islet tumor blood vessels reflected the expression
patterns of o,Bs3, axBy, and a5, immunoreactivity. Our results do
not contradict the fact that many different integrins recognize the
RGD binding motif (33). Nevertheless, it would be difficult to
unequivocally assign RGD-4C binding to be exclusively limited to
either o, integrins or asp; integrins based on the current findings
described here until reliable mouse o,ps; and «,B5; antibodies
become available. Although o, integrins are also expressed on
pericytes and tumor cells, the limited amount of RGD-4C phage
extravasation we observed here may be insufficient to detect on
these perivascular cell types and/or may be confined within the
vascular basement membrane to allow binding to surrounding
tumor cells.

We found, however, that decreasing the dose of RGD-4C phage
by 10-fold did not alter its specificity for tumor blood vessels.
These findings support the targeting specificity of RGD-4C phage
to angiogenic tumor blood vessels and corroborates previous
reports of decreased toxicity to normal tissues of RGD-4C-based
delivery of targeted therapeutics (14, 15). Although targeting
peptide sequences outside the context of phage confers an
improved specificity, phage display is an appealing tool by which
small peptides can be rapidly propagated by bacterial amplification
and screened in vivo due to its low toxicity to mammalian cells.
Given our experimental variables, we show by immunofluorescence
microscopy that 10° TU is an optimal dose for visualization of
targeting phage and may be the optimal dose for identifying
peptides from a random phage library in in vivo phage display.

Localization of RGD-4C phage in other tissues. Although
RGD-4C phage bind to tumor blood vessels, we were interested in
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exploring this further by examining normal blood vessels of other
tissues from RIP-Tag2 mice that represent a variety of endothelial
cell types. Given the extensive vascularity of the lung, the small
amount of phage detected indicates that RGD-4C phage binding to
tumor blood vessels was not determined by the concentration of
endothelial cells. To address whether binding of RGD-4C phage was
specific to fenestrated endothelial cells, which are abundant in RIP-
Tag2 tumors and in the thyroid gland, we found a minimal amount
of RGD-4C phage in the follicular capillaries of the thyroid. These
results indicate that endothelial cell type was also not a key
determinant in RGD-4C phage binding in the RIP-Tag2 tumor
blood vessels. The brain and liver are typically treated as negative
and positive control organs, respectively, in in vivo phage display
experiments, and our results confirmed this. Identical amounts of
fd-tet or RGD-4C phage in the liver suggests phage localization in
the hepatic endothelial sinusoids seems to be a property of the
phage protein coat and not determined by the peptide targeting
sequence thereby confirming previous findings (8).

Although in vitro phage display was originally developed to
map antigenic sites on antibodies in vitro (45), this method was
successfully adapted to identify in vivo vascular addresses in mice
and in a human subject (1, 12, 46-49). Our studies here show that
visualization of targeting phage in blood vessels at the cellular level
by immunofluorescence microscopy allows direct identification and
quantification of phage homing to the endothelium of tumor blood
vessels. Decreased vascular localization of RGD-4C phage following

AG-013736 treatment is consistent with down-regulation of integrin
expression during normalization of surviving tumor blood vessels.
Decreased integrin expression on tumor vascular endothelial cells
raises the possibility of impaired targeting of chemotoxins that are
dependent on integrin overexpression. These findings also illustrate
the use of phage-displayed peptides as tools to probe the vascular
addresses of abnormal blood vessels in disease and identify changes
in the microvasculature in response to antiangiogenic treatment.
Phage-displayed peptides that exploit the molecular changes in the
normalized tumor endothelium may be judiciously used for targeted
delivery of secondary chemotherapeutics.
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Abstract

Blood vessels in tumors are morphologically and functionally
distinct from normal resting blood vessels. We probed
lymphatic vessels in premalignant lesions and tumors by
in vivo screening of phage-displayed peptide libraries, asking
whether they too have distinctive signatures. The resulting
peptides begin to define such signatures. One peptide
identified the lymphatics in a human melanoma xenograft.
Another recognized the lymphatics in prostate cancers but not
in premalignant prostate lesions; this peptide similarly
identifies human prostate cancer lymphatics. A third was
selective for the lymphatics in the premalignant prostate
lesions. A fourth identified the lymphatics in dysplasias and
squamous carcinomas of the cervix and skin. None recognize
lymphatics in normal tissues. Thus, tumor development
is associated with organ- and stage-specific changes in
lymphatics. Systemic treatment of mice with fusions of a
lymphatic homing peptide and a proapoptotic motif reduced
the number of tumor lymphatics in prostate tumor and
melanoma, forecasting future lymphatic targeting agents for
detection and therapeutic intervention. (Cancer Res 2006;
66(11): 5696-706)

Introduction

The endothelial lining of blood vessels is highly diversified. Many,
and perhaps all, normal tissues impart a tissue-specific “signature”
on their vasculature, and tumor vessels differ from normal vessels
both in morphology and molecular composition (1). Tumors
induce angiogenesis to support expansive growth (2) and many of
the changes in tumor vessels are angiogenesis related (3-6).
Moreover, tumor blood vessels have tumor type-specific and, in
some stages, stage-specific characteristics; in vivo screening of
phage libraries has yielded distinct sets of homing peptides
selectively recognizing angiogenic signatures in two transgenic
mouse models of organ-specific tumorigenesis. Homing peptides
can also distinguish the angiogenic blood vessels of premalignant
lesions from those of fully malignant lesions in the same tumor
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model (7, 8), indicating that vascular changes mirror the stage of
tumor development.

The lymphatic system constitutes a second vascular system, one
that has only an efferent arm. Tumors frequently induce
lymphangiogenesis, as well as co-opt existing lymphatics (9-11).
Tumors may contain intratumoral lymphatics, but, more common-
ly, an extensive network of lymphatic vessels is present around
tumor tissue (12-14). The lymphatics within tumors, when present,
are generally nonfunctional in fluid transport (14), possibly
reflecting compression by interstitial pressure and blockage by
intraluminal tumor cells. The lymphatic vessels in and around
tumors are an important conduit of metastasis. Indeed, growth
factor-stimulated enhancement of lymphatic vessel expression
in tumors increases metastasis (15, 16). Conversely, inhibiting
lymphangigenesis suppresses lymphatic metastasis, but generally
does not affect tumor growth (17).

A peptide that selectively binds to the endothelial cells of
lymphatics associated with a xenotransplanted human breast
tumor has been described (13). This was the first demonstration
that tumor lymphatics can differ from normal lymphatics, but the
larger question of whether tumor lymphatics are generally
distinguishable from normal lymphatics has been unanswered.

Here, we identify homing peptides that specifically recognize
tumor lymphatics or lymphatics in premalignant lesions in a set of
distinctive organ-specific tumor models in mice. Our results show
that tumor lymphatics, like tumor blood vessels, express specific
markers, and that these lymphatic markers are tumor type specific
and distinct from blood vessel markers in the same tumors. The
tumor-specific lymphatic vessel markers may be useful in early
detection and tumor targeting.

Materials and Methods

Cell Lines, Mice, and Tumors

The following cell lines were maintained in DMEM supplemented with
10% FCS: C8161 human melanoma, MDA-MB-435 human breast cancer,
KRIB human osteosarcoma, and human prostate cancer cells PPC1 and
DU145. LNCaP human prostate cancer cell line was grown in RPMI 1640
with 10 mmol/L HEPES, 1 mmol/L sodium pyruvate, and 1.5 g/L sodium
bicarbonate supplemented with 10% FCS. M12 human prostate cancer cell
line was cultured in RPMI 1640 with 5 pg/mL insulin-transferrin-sodium
selenite, 2.5 ug/mL fungizone, 50 ug/mL gentamicin, 0.2 pmol/L
dexamethasone, 10 ng/mL epidermal growth factor, and 5% FCS (18). To
produce tumors, nude BALB/c and C56BL/6 mice were s.c. (C8161, KRIB,
and PPC1) or orthotopically (MDA-MB-453, PPC1, DU145, M12, and LNCaP)
injected with 1 X 10° tumor cells. Transgenic mouse tumor models included
transgenic adenocarcinoma of the mouse prostate (TRAMP), mouse
mammary tumor virus (MMTV)-PyMT breast cancer, and K14-HPV16
cervical cancer. To initiate cervical carcinogenesis, female K14-HPV16 mice
(19) were treated with 17R-estradiol (Ey; refs. 20, 21). Briefly, 1-month-old
virgin female transgenic (heterozygous K14-HPV16, 1203#1) and non-
transgenic (FVB/n) mice were anesthetized with isoflurane, and continuous
release pellets that deliver E, at doses of 0.05 mg over 60 days (Innovative
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Research of America, Sarasota, FL) were implanted s.c. in the dorsal back
skin. Subsequent pellets were implanted at 3 and 5 months of age for a total
of 6 months of hormone treatment. K14-HPV16 mice were maintained in
the FVB/n background (FVB/n; The Jackson Laboratory, Bar Harbor, ME).
The mice were maintained in accordance with the University of California,
San Francisco, institutional guidelines governing the care of laboratory
mice. The animal experimentation was approved by Animal Research
Committees at University of California, San Francisco, or Burnham Institute
for Medical Research.

Phage Library and Screening

A NNK-encoded CX7C library display on T7Select415-1 phage (Novagen,
Madison, WI) was prepared as previously described (13). Phage selection
and validation have been described (22). A two-step procedure was designed
for the selection of peptides targeting the tumor lymphatic vessels of
premalignant prostate lesions and prostate tumor. First, the phage
library was incubated with cells derived from normal prostate to subtract
the phage that bind to normal prostate. Second, the antipodoplanin
magnetic beads were used to isolate lymphatic endothelial cells. We did two
to three rounds of ex vivo selection and two to three rounds of in vivo
selections.

For the ex vivo selections, cell suspensions were prepared from normal
prostates of tumor-free littermates of TRAMP mice, premalignant prostates
of 14- to 16-week-old TRAMP mice, and tumor tissues of 25- to 28-week-old
TRAMP mice. The C57BL6 TRAMP mice display mild to severe hyperplasia
by the time they are 12 weeks of age, and severe hyperplasia has developed
by 18 weeks (23, 24). Thus, the premalignant lesions of prostate we used
represent a mixture of mild or severe hyperplasia. Collagenase IA (1 mg/mL;
Sigma, St. Louis, MO) was used to disperse the tissues. About 1 x 10’
normal prostate cells were incubated at 4°C for 3 hours with 5 x 10"
plaque-forming units (pfu) of T7 phage displaying a CX7C peptide library.
The samples were centrifuged at 1,200 rpm for 10 minutes; the supernatant
(the normal prostate-subtracted phage library) was recovered and then
incubated overnight at 4°C with 5 X 107 cells derived from premalignant
prostate tissue or prostate tumor. The cells were washed to remove
unbound phage, incubated with rat anti-mouse podoplanin for 45 minutes
at 4°C, and washed thrice with cold PBS containing 0.5% bovine serum
albumin (BSA). Podoplanin-positive cells were then isolated using M450
sheep anti-rat IgG Dynabeads (M450; Dynal, Oslo, Norway). Phage that
bound to the podoplanin-positive cell population were rescued and
amplified in Escherichia coli. In vivo phage library screening was done as
described (13).

Homing Specificity of Phage

In vivo homing specificity of phage was tested as described (22). Briefly,
mice bearing tumors were anesthetized and iv. injected with 5 X 10° pfu
phage. After 7 minutes, the mice were perfused through the heart with PBS
containing 0.5% BSA. The tumor and control organs were dissected from
each mouse and the phage were rescued and tittered. For histology analysis,
the mice were perfused with 4% PFA 30 minutes after the injection of phage.
Tissues were embedded in Tissue-Tek OCT (Tissue-Tek, Elkhart, IN) and
5 um sections were prepared for phage immunostaining.

Antibodies and Immunohistology

Custom immunization to produce a rabbit antiserum against mouse
Prox-1 was done by Proteintech, Inc. New Zealand White rabbits were
immunized with a fusion protein of glutathione S-transferase (GST)-COOH-
terminal fragment of Prox-1 protein. The antibody was affinity purified on
the fusion protein and absorbed with GST. The resulting antibody
preparation (1.8 mg/mL) gave a titer of 1:10,000 against the fusion protein
in ELISA. Immunofluorescence staining of tissue sections with the anti-
Prox-1 antibody gave a pattern of nuclear staining. Antibodies against
the lymphatic markers anti-LYVE-1 (13) and antipodoplanin (kindly
provided by T. Petrova and K. Alitalo), rat monoclonal anti-mouse CD31
(BD PharMingen, San Diego, CA), rat anti-mouse MECA-32 (BD PharMin-
gen), rabbit polyclonal anti-T7 phage, rabbit anti-mouse cleaved caspase-3
(ASP175; Cell Signaling Technology, Danvers, MA), and rat anti-mouse
vascular endothelial growth factor receptor 3 (VEGFR3; provided by

H. Kubo and K. Alitalo) were used for immunohistochemical staining of
frozen tissue sections as described (8, 13).

The corresponding secondary antibodies were added and incubated for
1 hour at room temperature: AlexaFluor-488 goat anti-rat or rabbit IgG
(1:1,000; Molecular Probes, Eugene, OR), AlexaFluor-594 goat anti-rat or
rabbit IgG (1:1,000; Molecular Probes), AlexaFluor-594 donkey anti-mouse
or goat IgG (1:1,000; Molecular Probes), and AlexaFluor-488 donkey anti-
mouse or goat IgG (1:1,000; Molecular Probes). The slides were washed
thrice with PBS and mounted in Vectashield Mounting Medium with 4',6-
diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA).
Blood vessels were also visualized by i.v. injecting Lycopersicon esculentum
(tomato) lectin conjugated to fluorescein (100 pg of lectin in 200 uL PBS;
Vector Laboratories).

Tissue distribution of fluorescein-labeled peptides (25) was studied by
i.v. injecting the peptide (100-150 pg in 200 pL PBS) into the mice. The
injected peptides were allowed to circulate 30 minutes to 2 hours, and the
mice were perfused with 4% paraformaldehyde through the left ventricle
of heart. Tissues were dissected and frozen in OCT embedding medium
(Tissue-Tek). The frozen sections were prepared for immunohistologic
analysis.

Peptide Synthesis

Peptides were synthesized in our peptide facility using Fmoc chemistry in
a solid-phase synthesizer. The peptides were purified by high-performance
liquid chromatography and confirmed by mass spectrometry. Fluorescein-
conjugated peptides were synthesized as described (25). The LSD and REA
peptides were synthesized as the chimera with the proapoptotic motif
p(KLAKLAK), (26).

Targeted Proapoptotic Peptide Treatment of Tumor-bearing

Mice

Prostate cancer model. Orthotopic xenografted prostate tumors were
established by injecting 1 X 10° PPC1 human prostate cancer cells into the
mouse prostate. Fifteen days postinoculation, the mice were iv. injected
with p(KLAKLAK),-CREAGRKAC, an equimolar mixture of p(KLAKLAK),
and CREAGRKAC, or PBS. Mice were given 200 g of the conjugate per week
divided into two injections (26, 27).

Melanoma model. Nude BALB/c mice were s.c. injected with 1 X 10°
C8161 human melanoma cells. Treatment started when mean tumor
volumes reached ~100 mm®. Mice with size-matched tumors were
randomized into three groups. The therapeutic group received a chimera
of tumor-homing peptide with the proapoptotic motif [p(KLAKLAK),-
CLSDCGKRKC]. The control groups received an equimolar mixture of
CLSDGKRKC and p(KLAKLAK),, or PBS alone. The tumor-bearing mice
were iv. injected with 200 pg/dose/mouse weekly for 3 weeks (26, 27).

The mice were monitored for weight loss, and tumors were dissected and
weighed at the termination of the experiment. Histologic analysis was done
to evaluate the density of tumor lymphatics and blood vessels. Apoptotic
lymphatic endothelial cells were visualized by double staining with
anticleaved caspase-3 and antipodoplanin antibodies. The animal experi-
ments reported here were approved by the Animal Research Committee of
Burnham Institute for Medical Research.

Phage Overlay of Tissue Sections From Human Cancer

The frozen sections of human prostate tumor specimens were obtained
from Dr. Daniel Mercola (Sidney Kimmel Cancer Center, La Jolla, CA). The
sections (5 um) were preincubated with blocking buffer (5% normal goat
serum and 0.5% BSA in 1x PBS) for 1 hour at room temperature, washed
thrice with diluted blocking buffer (1:10), and phage (3 X 10° pfu) were
incubated on the section for 4 hours. After three washes, rabbit anti-phage
antibody (10 pg/mL) was added and the phage incubated for 2 hours. The
slides were washed and incubated with AlexaFluor-488 goat anti-rabbit IgG
for 1 hour. After further washes, the slides were mounted with Vectashield
(Vector Laboratories).

Statistical Analysis
Student’s ¢ test was used in statistical analysis of the results. The bar
diagrams show mean and SD.
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Results

Phage targeting of lymphatics in C8161 melanoma. We chose
the C8161 human melanoma as the first topic because xenografts of
tumors generated with this cell line in nude mice contain lymphatic
vessels that are not recognized by the homing peptide LyP-1, which
binds to lymphatic endothelial cells in breast carcinomas (13). Our
experimental design was aimed to determine whether lymphatic
homing peptides having analogous specificity for the melanoma-
associated lymphatics could be identified. We modified our earlier
protocols to increase the probability of obtaining peptides that
recognize tumor lymphatics. We incubated a phage display library
with a cell suspension of whole C8161 tumor tissue, allowing phage
to bind, and then used immunomagnetic beads to isolate lymphatic
endothelial cells that carried along any phage bound to these cells.
This enrichment step yielded a phage pool that bound 250-fold
more efficiently to the isolated cells than nonrecombinant phage
(Supplementary Fig. S14). The enriched phage pool was used in
subsequent ir vivo rounds to select phage that homed to C8161
xenograft tumors. Two rounds of selection in vivo produced a
40-fold enrichment of phage (Supplementary Fig. S1B). There was
no enrichment in the several control organs tested.

The 48 phage clones from the second in vivo round of phage pool
selection included five clones that appeared most frequently, and
these were analyzed further. Two clones displaying peptides with
related amino acid sequences (CLSDGKRKC and CLDGGRPKC)

bound to cell suspensions prepared from C8161 tumors; the
stronger binder, CLSDGKRKC, bound 100-fold more than control
phage. Lv. injection of phage into nude mice bearing C8161 tumors
showed that both phage homed selectively to the tumors;
CLSDGKRKC was about twice as efficient as CLDGGRPKC (the
results for CLSDGKRKC are shown in Fig. 14). The CLSDGKRKC
peptide (referred to below as LSD) was chosen for further study.

To establish that the homing ability of LSD phage is due to the
displayed peptide sequence, we chemically synthesized the peptide
as a fluorescein conjugate peptide and iv. injected the conjugate
into C8161 tumor mice. After 2 hours of circulation, the peptide
was detected within the tumors (Fig. 1B), but not in control organs
(Supplementary Fig. SI1C). Staining of tissue sections with the
lymphatic vessel markers podoplanin, Prox-1, LYVE-1, and VEGFR3
showed colocalization of the LSD fluorescence with them (Fig. 1C),
whereas there was no colocalization with the blood vessel markers
MECA-32 and CD31 (Fig. 1D). Quantification showed that 85% of
the lymphatic vessels that were positive for the peptide were also
positive for podoplanin.

We further tested the homing of LSD phage to other types of
cancer, including the MDA-MB-435 human breast cancer xeno-
grafts recognized by the previously described lymphatic homing
peptide, LyP-1 (13). Lv. injected LSD phage did not appreciably
home to MDA-MB-435 tumors (see below). These data show that
LSD-peptide selectively homes to the lymphatic vessels in C8161
melanoma.

>
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Figure 1. A homing peptide recognizes C8161 melanoma lymphatics. A, homing of LSD phage to C8161 xenografts. The LSD phage clone (2 x 10° pfu) was injected
i.v. into mice bearing C8161 xenograft tumors and allowed to circulate for 7 minutes. Phage titers recovered from tumors and control tissues are shown. Phage
accumulation in C8161 tumor tissue was significantly higher than in normal tissues (P < 0.03 relative to the normal tissue with the highest phage uptake, the skin;
n = 3). B, in vivo localization of fluorescein-labeled LSD peptide. The peptide (150 pg) was i.v. injected into C8161 tumor mice, and the tumors and various

control tissues were collected for histologic analysis 2 hours after the injection. Green fluorescence, presence of the peptide; blue, nuclei (DAPI staining). Original
magnification, x200. C, colocalization of the LSD peptide with lymphatic markers. The green FITC fluorescence colocalizes with red staining for the lymphatic vessel
markers podoplanin, VEGFR3, Prox-1, and LYVE-1 in vessel-like structures within the tumor tissue and at tumor periphery (bottom left). D, LSD peptide does

not colocalize with blood vessel markers. Tumor blood vessels were stained with anti-MECA-32 or anti-CD31 (red). Original magnification (C and D), x400.
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Phage targeting of lymphatics in premalignant lesions and
tumors of prostate. Seeking to further generalize the proposition
that tumor-associated lymphatics might have organ-specific
signatures, we selected lymphatic homing peptides in the TRAMP
transgenic mouse model of de novo prostate carcinogenesis (28).
Immunohistochemical analysis had revealed abundant lymphatics
associated both with premalignant lesions and tumors in this
model (Supplementary Fig. S24). As it is possible to access
premalignant lesions in this system, we also explored the possibility
of distinguishing the lymphatics of such lesions from those of fully
developed tumors. We studied TRAMP mice inbred into C57BL6, a
genetic background wherein prostate tumorigenesis occurs over a
30-week time course to terminal disease, with a discernable
premalignant phase (~ 10-20 weeks).

To isolate peptides that selectively home to fully developed
tumors in the TRAMP model, we first pretreated the phage library
with cell suspensions derived from normal prostate to decrease the
abundance of phage that bind to normal prostate. The normal
prostate-subtracted library was then enriched by two rounds of
ex vivo selection on lymphatic endothelial cells immunopurified
from tumors of 25- to 28-week-old TRAMP mice. Three subsequent
in vivo selection rounds yielded a phage pool that showed nearly
50-fold enrichment for tumor homing. Five peptide sequences were
represented more than once in this pool. Three of these phage
clones with amino acid sequences CREAGRKAC, CSMSAKKKC,
and CKTRVSCGV showed robust binding to tumor-derived cell
suspensions and were further tested in vivo. Lv. injected
CREAGRKAC phage became 50-fold enriched in TRAMP tumors
relative to nonrecombinant phage, whereas the other two phage
showed ~ 30-fold enrichment. We chose the CREAGRKAC (REA)
for further study.

To screen for peptides recognizing the premalignant lym-
phatics, we first treated the phage library with cell suspensions
derived from normal prostate, and the subtracted library was
then enriched on immunopurified lymphatic endothelial cell
suspensions derived from prostates containing premalignant
lesions, the so-called prostatic intraepithelial neoplasia, or PIN
(in 14- to 16-week-old mice). The sequential ex vivo selections
yielded a phage pool that was 60-fold enriched for binding to the
target cells, and a 30-fold enrichment for homing to prostate with
PIN lesions was obtained in a subsequent in vivo selection. Five
phage clones were chosen for evaluation of in vivo homing
based on their frequent appearance among 64 clones sequenced
(32 clones each from the second ex vivo round and the third
in vivo round). Of these, three clones with amino acid sequences
CAGRRSAYC, CASLSCR, and CSGGKVLDC, bound to cell suspen-
sion derived from PIN lesions (data not shown). These candidates
were further tested in vivo individually. Phage-displayed peptides
CAGRRSAYC, CSGGKVLDC, and CASLSCR showed 24-, 14-, and
12-fold enrichment to PIN lesions relative to nonrecombinant
phage, respectively. The CAGRRSAYC (AGR) was chosen for
further study.

To evaluate the specificity of the REA and AGR peptides, we i.v.
injected the phage into TRAMP mice with either premalignant
PIN lesions or prostate tumors, or into their tumor-free (transgene
negative) male littermates with normal prostates. The results
showed that the REA phage homes to tumors, but not to PIN
lesions or normal prostate, whereas the AGR phage homes only to
PIN (Fig. 24). Neither phage was found in other tissues, including
lymph nodes, kidneys, lungs, skin, or intestine, at levels higher than
the nonrecombinant control phage.

In vivo distribution of fluorescein-conjugated REA and AGR
peptides after iv. injection confirmed the phage results. The REA
peptide accumulated in prostate tumors, showing 90% overlap with
podoplanin-positive lymphatic vessels, whereas PIN lesions, normal
prostate (Fig. 2B), and control organs (Supplementary Fig. S2B)
were negative. The AGR peptide selectively homed to PIN lesions,
but little or no peptide was seen in prostate tumors, normal prostate
tissue (Fig. 2B), or in control tissues (Supplementary Fig. S2C).

To study the association of REA and AGR peptides with the
vasculature, the phage or fluorescein-labeled peptides were iv.
injected into TRAMP mice and phage and peptide localization was
compared with lymphatic and blood vessel markers localized with
antibodies. The phage and their cognate peptides each showed
substantial colocalization with the lymphatic markers podoplanin,
VEGFR3, LYVE-1, and Prox-1 in their respective lesions, whereas
their localization was entirely distinct from that of the blood vessel
markers CD31 and MECA-32. The overlap of the peptides with
Prox-1 was less obvious than with the other markers, presumably
because Prox-1 is nuclear, whereas the peptides associate with the
cell membrane. The results for the REA and AGR peptides are
shown in Fig. 2C and D, and for the REA phage in Supplementary
Fig, S2D.

Homing peptide for lymphatic vessels in cervical cancer. In
a previous study from our laboratories, we identified a homing
peptide for dysplastic skin lesions in K14-HPV16 transgenic mice,
which develop skin cancers (7). This peptide, CNRRTKAGC, is
similar to LyP-1 (CGNKRTRGC), which selectively recognizes
lymphatic vessels and tumor cells in breast cancers (13). Because
of this similarity, we asked whether the CNRRTKAGC peptide
(LyP-2) also recognizes tumor lymphatics. We tested the LyP-1 and
LyP-2 peptides in skin and cervical cancers of the K14-HPV16
transgenic mice. In addition to spontaneously developing angio-
genic dysplasias and then squamous cell carcinomas of the skin
(29), female K14-HPV16 mice develop cervical cancers when their
normally cyclic estrogen levels are sustained with time release
pellets (20). The estrogen-treated females undergo neoplastic
progression in the cervix mimicking, that inferred for human
cervical carcinogenesis (20, 21, 29). The premalignant cervical
lesions (also called cervical intraepithelial neoplasia, CIN) and
cervical tumors of these mice contain abundant lymphatic vessels
as detected by immunostaining for lymphatic markers (Supple-
mentary Fig. S34).

Lv. injected LyP-2 phage showed robust homing both to the
premalignant and malignant lesions in the cervix, but not to
normal cervix (Fig. 34). Fluorescein-labeled LyP-2 peptide also
accumulated in the cervical lesions, colocalizing with LYVE-1
(Fig. 3B, top) and podoplanin (82% overlap; data not shown), but
not with MECA-32 (Fig. 3B, bottom). Additionally, occasional foci of
scattered cells in the stroma were labeled, with some apparent
intracellular localization; the identity of these cells is currently
unresolved. No peptide accumulation was observed in normal
cervix (Fig. 3B) or in other control tissues, either in lymphatics or
in nonvascular cells (Supplementary Fig. S3B). LyP-2 also homed
to the lymphatics associated with dysplasias and squamous cell
carcinomas of the skin in male and female K14-HPV16 mice, but
not to normal skin lymphatics (data not shown).

Specificity of lymphatic homing peptides for different types
of tumors. Having isolated phage-displayed peptides that homed
to the lymphatics of melanoma, prostate, or cervix (the origin
and specificity of these peptides is summarized in Table 1), we
asked whether they recognized common determinants of the
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Figure 2. Stage-specific peptides distinguish premalignant lesions and tumors in the prostate of TRAMP mice and colocalize with lymphatic vessels. Phage isolated by
screening for homing to TRAMP tumors (REA) or to TRAMP premalignant lesions (AGR) were individually tested in TRAMP mice bearing tumors, or premalignant
lesions, and in tumor-free littermates of TRAMP mice with normal prostate. TRAMP mice were i.v. injected with phage or fluorescein-conjugated peptides, and the
localization of the phage was studied by phage titration or immunohistochemistry in frozen tissue sections. The peptides were detected in tissue sections by examining
fluorescence. The REA phage (A, black columns) and peptide (B, top) accumulate in TRAMP tumors, whereas the AGR phage (A, gray columns) and peptide

(B, bottom) selectively home to premalignant lesions. The difference between tumor tissue and premalignant tissue was significant for both peptides (P < 0.01; n = 3-6)
Original magnification, x400. C, i.v. injected fluorescein-labeled REA peptide (green) colocalizes TRAMP tumor sections with the lymphatic vessel markers podoplanin,
Prox-1, and LYVE-1 (top row), but not with blood vessel markers (bottom row); a premalignant TRAMP lesion does not bind the REA peptide (bottom row, right).
Original magnification, x400. D, fluorescein-labeled AGR peptide (green) colocalizes with podoplanin and LYVE-1 (red) in dysplastic prostate lesions, but there is no

colocalization with blood vessels detected with MECA-32 staining; a TRAMP tumor does not bind the AGR peptide. Original magnification, x400.

tumor-associated lymphatic vasculature or organ/tumor selective
signatures. The lymphatic homing peptides derived from the
different tumor models were tested for their ability to recognize the
lymphatics of other tumors. Lv. injected LSD phage did not home
to xenotransplant tumors derived from the MDA-MB-435 breast
tumor cell line (Fig. 44, left). This phage also did not appreciably
home to transgenic mouse tumors of the breast or prostate, or to
PPC1 human prostate cancer xenografts; possible low-level homing
was seen to squamous carcinomas of the skin in K14-HPV16 mice,
and to KRIB human osteosarcoma xenografts. In vivo injection of
fluorescein-labeled LSD peptide, followed by histologic analysis of
peptide distribution, agreed well with the phage results. As shown
in Fig. 44 (right), strong LSD peptide fluorescence was seen in
the C8161-derived tumors, the model in which the peptide was
selected. The C8161 tumors were positive in nude mice represent-
ing two different genetic backgrounds (BALB/c and C57BL/6;
shown for the BALB/c strain in Fig. 44, right). In agreement
with the phage data, KRIB tumors were weakly positive with the
fluorescent peptide, and the other tumors, including the skin
cancers, were negative. These results show that the LSD peptide
selectively recognizes the lymphatics in the C8161 melanoma-
derived tumors.

To profile the homing peptide specificity of the AGR peptide in
different types of premalignant lesions, we used three transgenic
mouse models, TRAMP, K14-HPV16/E,, and MMTV-PyMT, which,
respectively, develop prostate, cervical, or breast neoplasias that
subsequently progress to overt cancer. Both AGR phage (Figs. 24
and 4B) and fluorescent peptide (Fig. 2B and D) showed marked
preference for the PIN lesions in TRAMP mice; there was little
homing of the phage and no detectable homing of the peptide to
similar premalignant lesions or malignant tumors in the other two
models (Fig. 4B and Supplementary Fig. S2G).

The REA phage, which was identified in the TRAMP model, also
homed to xenografts obtained by orthotopically inoculating into
nude mice cells from the human prostate cancer cell lines PPC1,
M12, DU145, and LNCaP (Fig. 4C). These xenografted tumors
were also positive with the fluorescein-conjugated REA peptide
(the results for PPC1 are shown in Fig. 4D). In contrast, the MDA-
MB-435, C8161, and KRIB xenografts, as well as the de novo breast
and skin cancers arising in MMTV-PyMT or K14-HPV16 mice,
respectively, were negative for REA binding (Fig. 4C and D). The
cervical tumors of K14-HPV16/E, mice were slightly positive for
REA peptide binding, but markedly less so than the prostate
tumors. Immunohistochemical analysis showed that FITC-REA
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peptide colocalized with lymphatic vessels both within tumor
tissues (Fig. 4D, first row, middle) and tumor periphery (Fig. 4D,
first row, right). This was the case with orthotopic prostate tumor
xenografts arising from multiple human prostate tumor-derived
cell lines (results for PPC1 tumors are shown in Fig. 4D). This
peptide homed to a lesser extent to K14-HPV16/E, cervical tumors
(Fig. 4D). Interestingly, REA phage homed less efficiently to s.c.
xenografts of PPC1 than to orthotopic xenografts of the same
tumor cell line (Supplementary Fig. S2E). The REA phage strongly
bound to PPC1 tumor-derived cell suspensions, but did not bind to
cultured PPC1 cells (Supplementary Fig. S2F). Thus, REA seems to
primarily recognize prostate cancer lymphatics.

We also asked whether the REA peptide recognizes human
prostate cancers by using phage overlay of tissue sections.
Immunohistochemical staining with antibodies against lymphatic
markers Prox-1 and podoplanin revealed abundant lymphatic
vessels in human prostate tumors (Fig. 4D, bottom row, red).
Overlay of tissue sections from two primary human prostate
cancers with REA phage indicated that this phage recognizes
the lymphatics of human prostate tumors (Fig. 4D, bottom row,
green). The AGR phage did not bind to the human tumor sections
(not shown).

LyP-1 and LyP-2 have different specificities. Given the similar
amino acid sequences of the LyP-1 and LyP-2 peptides, and the fact

that they both bind to tumor lymphatics, we were interested in
comparing their specificities. Surprisingly, these peptides recognize
different tumors. Although both peptides homed to the K14-HPV16
skin cancer lymphatics (data not shown), LyP-1 phage homed to
MDA-MB-435 breast tumors growing s.c. but not to the de novo
cervical tumors, whereas the opposite was true of LyP-2 (Fig. 54).
Both phage did not home to the normal cervix or normal breast
tissue. To confirm these differences in specificity, we coinjected one
peptide as a fluorescein conjugate and the other conjugated to
rhodamine and vice versa. Both LyP-2 conjugates homed to cervical
tumors, whereas neither LyP-1 conjugate did so. The opposite
result was obtained when the same conjugates were tested in
MDA-MB-435 tumor-bearing mice (Fig. 5B). These data indicate
that different binding sites exist for the two LyP peptides in
different types of tumors.

Lymphatic homing peptide conjugates destroy tumor
lymphatics. One potential application of peptides that home and
bind to the distinctive lymphatic vasculature of tumors is to target
delivery of toxic payloads aiming to disrupt the tumor lymphatics,
thereby assessing their functional importance and prospects as a
therapeutic target. We began this assessment by linking two of our
signature-finding peptides to a toxic agent, assessing its effects on
the tumor lymphatics. As a toxic agent, we used conjugates with an
apoptosis-inducing peptide, p(KLAKLAK),. In a previous study,

20 9

Figure 3. LyP-2 peptide homes to lymphatics in
premalignant lesions and tumors of cervix in K14-HPV16/

Fold relative to nonrecombinant phage

7///»

E, transgenic mice. A, LyP-2 phage (1.5 x 10° pfu) was
i.v. injected into mice bearing CIN-3 lesions or tumors

of the cervix, and phage titers from the indicated tissues
were determined. Significantly more of the LyP-2 phage
accumulated in the tumors and dysplastic lesions than in B
normal cervix (P < 0.005; n = 3). B, FITC-LyP-2 peptide
(100 pg) was injected into the tail vein of mice bearing
dysplastic lesions or tumors of the cervix and allowed to
circulate for 2 hours. FITC-LyP-2 selectively localized
within premalignant lesions and tumors, colocalizing with
lymphatic vessel markers (shown for LYVE-1; top row),
but not with the blood vessel markers (shown for
MECA-32; bottom row). Original magnifications, x400
(top) and x200 (bottom).
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this peptide was linked to blood vascular tumor-homing peptides
and shown to be selectively cytotoxic to angiogenenic endothelial
cells and to have demonstrable antitumor activity (26). To
determine whether peptides recognizing tumor lymphatics could
be used to target those lymphatics, we synthesized the REA and
LSD peptides as conjugates with p(KLAKLAK), and systemically
treated mice bearing PPC1 or C8161 xenografts.

Treatment with the REA conjugate had no effect on tumor blood
vessel density in the PPC1 tumors, but significantly reduced the
number of tumor lymphatics; the uncoupled mixture had no effect
on the lymphatics compared with the PBS control (Fig. 64). The
conjugate had no effect on tumor growth (Fig. 6B), indicating
(perhaps not surprisingly) that the tumor-associated lymphatics
were not essential for primary tumor growth. Examination of
lymphatics in normal skin revealed no discernible effect by the REA
or LSD conjugates, and no significant differences were observed
in the weight of the mice belonging to the various treatment
groups, indicating lack of general lymphatic effects or overt toxicity
(data not shown). Reduced density of tumor lymphatics was also
seen in C8161 melanoma xenografts of mice treated with the LSD
conjugate (data not shown).

To study the mechanism of the lymphatic disruption by the
REA conjugate, we examined the frequency of apoptosis in
lymphatic endothelial cells in PPC1 tumors using caspase-3 as a
marker. The tumors of the mice treated with the REA conjugate
had a significant increase in lymphatic endothelial cells express-
ing active caspase-3 compared with tumors of mice treated
with PBS, REA, or a mixture of REA and p(KLAKLAK), (Fig. 6C).
These data indicate that the REA conjugate reduced the
lymphatic vessel counts by inducing apoptosis in lymphatic
endothelial cells.

Discussion

In this article, we show an extensive heterogeneity of tumor
lymphatics. We have identified peptides that recognize the
Iymphatics of individual tumor types, including transgenic mouse
tumors arising de novo in different organs, as well as human tumor
xenografts. We also describe a peptide that distinguishes the
lymphatics of premalignant prostatic lesions, both from normal
lymphatics and from those of fully developed tumors in the same
transgenic mouse model of prostate carcinogenesis. The lymphatic

Table 1. Main characteristics of lymphatic homing peptides
Peptide Tumor used to isolate Tumors tested for phage Specific Fold over
homing peptide homing in vivo* homingT control phage

LSD C8161 s.c. xenografts C8161 xenografts Yes 39
KRIB xenografts Yes 7*
K14-HPV16 skin cancer No 5
MDA-MB-435 orthotopic xenografts No 3
MMTV-PyMT breast tumors No 3
PPC1 orthotopic xenografts No 3
TRAMP prostate tumors No 1

REA TRAMP prostate tumors TRAMP prostate tumors Yes 46
PPC1 orthotopic xenografts Yes 25
M12 orthotopic xenografts Yes 24
LNCaP orthotopic xenografts Yes 20
DU145 orthotopic xenografts Yes 14
MMTV-PyMT breast tumors Yes 8’
K14-HPV16/E, cervical cancer Yes 7*
KRIB xenografts Yes 7*
PPCI s.c. xenografts No 6
C8161 s.c. xenografts No 5
K14-HPV16 skin cancer No 4
MDA-MB-435 orthotopic xenografts No 4

AGR TRAMP PIN lesions TRAMP PIN lesions Yes 18
TRAMP prostate tumors No 4
K14-HPV16/E, cervical dysplasia No 5
K14-HPV16/E, cervical tumors No 4
MMTV-PyMT premalignant lesions No 2
MMTV-PyMT breast tumors No 4

LyP-2 K14-HPV16 skin cancer K14-HPV16/E, cervical dysplasia Yes 17
K14-HPV16/E, cervical tumors Yes 22
MDA-MB-435 orthotopic xenografts No 3

*TRAMP, MMTV-PyMT, and K14-HPV16 are genetically engineered mouse models of organ-specific carcinogenesis, each of which presents first with

angiogenic dysplasia and subsequently carcinoma.

TThe specific homing of phage is considered to be strong (>10-fold compared with control), weak (between 5- and 10-fold), or nonspecific (below

5-fold).

tPhage homing corroborated by fluorescent peptide homing.
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Figure 4. Homing specificity of the LSD, REA, and AGR peptides in different types of tumors and premalignant lesions. In vivo homing of the LSD phage (A, left) and
fluorescein-labeled LSD peptide (A, right) to six types of tumors was tested as in Fig. 1 (n = 3-6). Robust phage homing and peptide fluorescence was only observed in
C8161 tumors. KRIB xenograft tumors were slightly positive for phage and peptide homing, but phage homing to C8161 tumors was significantly higher than to

this or any of the other tumors (P < 0.005). Original magnification, x400. B, in vivo homing of i.v. injected AGR phage in TRAMP mice, K14-HPV16/E, mice bearing
CIN-3 lesions or tumors (n = 3), and MMTV-PyMT mice with dysplastic lesions or breast tumors. The AGR phage homed significantly more to TRAMP premalignant
lesions than to comparable lesions in the other tumor models (P < 0.03). In vivo homing of the REA phage (C) and fluorescein-labeled REA peptide (D) to 11
types of tumors was tested (n = 3-6). Significant phage homing and peptide fluorescence was observed in prostate tumors of TRAMP mice, and in PPC1, M12, DU145,
and LNCaP human prostate cancer xenograft tumors (peptide fluorescence is shown for PPC1 in D). Four of five prostate cancers (DU145 was the exception)
accumulated significantly more REA phage than the other types of tumors (P < 0.03). Cervical tumors in K14-HPV16/E, mice were slightly positive. REA phage overlay

of primary human prostate cancer is shown in D (bottom row). Human tumor tissue sections were stained with Prox-1 or antipodoplanin. A serial section from
the podoplanin staining was used for REA phage overlay showing correspondence of the podoplanin and the REA phage localization.

markers detected by the homing peptides are specific for lymphatic
vessels (i.e., the peptides do not bind to the blood vessels of the
same tumors or premalignant lesions). Several prostate cancers
shared the same lymphatic marker. These results show that
the lymphatics express a zip code system that is akin to the one
in blood vessels, but distinct from it. In beginning, to assess
the applications of this knowledge, we showed that systemic
treatment of tumor-bearing mice with a lymphatic homing peptide

linked to a proapoptotic compound could selectively destroy tumor
Iymphatics.

We used a new screening method based on the immuno-
isolation of lymphatic endothelial cells from whole tumor cell
suspensions that had been preincubated with phage display
libraries, thereby enriching for phage bound to this rare cell
type. This method allowed us to focus on the selection of phage-
displayed peptides that identify specific features in the lymphatics
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of the target tissue. We show in each of the tumor models that
peptides strongly represented in the selected phage pools
specifically homed to tumors, and extensively colocalized with
markers of lymphatic endothelial cells in the tumor tissue after
an iv. injection. In contrast, there was no colocalization with
blood vessel endothelial markers. Costaining with the lymphatic
markers LYVE-1, podoplanin, Prox-1, and VEGFR3 were consis-
tent in supporting this result. The use of multiple markers is an
important standard, as none of the lymphatic endothelial
markers is completely specific for lymphatics (30, 31). In
aggregate, however, they provide strong evidence for a lymphatic
vessel identity of the structures that our peptide recognizes in
tumors.

We have now shown lymphatic vessel specialization in every one
of the five tumor types studied. These tumors consisted of
xenograft models of melanoma, breast, and prostate carcinomas,
as well as transgenic mouse models developing prostate, skin,
and cervical cancers. In addition, the LSD, REA, and LyP peptides
each recognized tumor lymphatics in more than one inbred mouse
strain. For example, the REA peptide homed to prostate cancers in
TRAMP mice (C57BL/6 background) and prostate cancer xenograft
tumors grown in nude mice (BALB/c), demonstrating that their
specificity is not limited to any given mouse strain. Previous studies
have defined a peptide that distinguishes the lymphatics of MDA-
MB-435 breast cancer xenografts tumors from normal lymphatics
(13, 25). The present results show that such molecular specializa-
tion of tumor lymphatics is not limited to this tumor, but is likely
to be a generalized phenomenon. The peptides we identified in this

study as being specific for lymphatic vessels in the various tumor
models were essentially specific for the tumor type used in the
screening. Interestingly, the only other tumors with lymphatics
recognized by the TRAMP tumor-homing peptide REA were
xenograft tumors generated with four different human prostate
cancer cell lines. This result suggests that the changes detected by
our peptides in tumor lymphatics may be tumor type specific.
Similar experiments with tumor blood vessels have revealed two
classes of peptides identifying signatures of the angiogenic
neovasculature. One pan-specific class recognizes markers that
are generally associated with angiogenesis in most tumor types and
organs (1, 4, 32, 33), whereas a second class of peptides detected
tumor type-specific vascular signatures (7, 8). Although we did not
isolate any peptides that identified pan-specific markers of tumor
(but not normal) lymphatics, we anticipate that additional screens
could reveal such entities.

Stage-specific lymphatic signatures during tumorigenesis.
We obtained two stage-specific lymphatic homing peptides using
different neoplastic lesions in the TRAMP model. The REA peptide
selectively recognizes the lymphatics in fully developed TRAMP
tumors, whereas the AGR peptide was only reactive with the
lymphatics in PIN lesions. Our laboratories have previously
obtained homing peptides that distinguish the blood vessels of
premalignant lesions from normal blood vessels and those of
malignant tumors arising subsequently in the same transgenic
mouse models (7, 8). The present results suggest that lymphatic
vessels display a similar evolution of molecular specificities as
tumorigenesis progresses.

Figure 5. Differential tumor-homing specificity of LyP-1
and LyP-2 peptides. A, LyP-1 and LyP-2 phage were
i.v. injected into mice bearing MDA-MB-435 breast
cancer xenografts or K14-HPV16/E, tumors (n = 3).
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B, fluorescein-labeled LyP-1 and rhodamine-labeled LyP-2
(top row) were i.v. injected (100 pg of each peptide) into
the mice bearing tumors or premalignant lesions.
Alternatively, the injection consisted of rhodamine-labeled
LyP-1 and fluorescein-labeled LyP-2 (bottom row).
Tissues were collected and processed for histologic
analysis 2 hours later. LyP-1 homes to the MDA-MB-435
tumors, whereas LyP-2 homes to the cervical cancers
and premalignant lesions. Phage homing to the
premalignant lesions was significantly higher than to

the corresponding tumors in both models (P < 0.01).
Original magnification, x400.
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Figure 6. Targeting the tumor-associated lymphatics with homing peptides linked to a proapoptotic peptide. The PPC1 orthotopic xenografted mice (10 mice per group)
were systemically treated with 100 pug/dose/mouse/biweekly of H(KLAKLAK),-CREAGRKAC, equimolar amounts of the uncoupled peptides, or with the vehicle
(PBS). At termination, tumor weights were recorded and frozen tissue sections were prepared for immunohistochemical analysis. A, the p(KLAKLAK),-CREAGRKAC
chimeric peptide greatly reduces the number of tumor lymphatics (P < 0.01) as determined from podoplanin staining, whereas the blood vessel count (MECA-32
staining) and tumor volume (B) were unaffected. C, p(KLAKLAK),-CREAGRKAC induced apoptosis of lymphatic endothelial cells in PPC1 tumors. The apoptotic
lymphatic endothelial cells were detected by double staining with antiactive caspase-3 and antipodoplanin antibodies. A significant increase in apoptosis of lymphatic
endothelial cells in PPC1 tumors was observed in tumors of mice treated with the p(KLAKLAK),-CREAGRKAC conjugate compared with controls (P < 0.001).

A prospective family of lymphatic signatures? The mutually
exclusive tumor specificity of the LyP-1 and LyP-2 peptides is
interesting given the close sequence similarity of these peptides
(CGNKRTRGC versus CNRRTKAGC). LyP-1 recognizes lymphatics
and tumor cells in MDA-MB-435 and MMTV-PyMT breast
cancers (8). Careful comparison of the ability of the two
peptides to accumulate in MDA-MB-435 tumors and cervical
carcinomas after iv. injection showed that MDA-MB-435 tumors
were positive for LyP-1, whereas cervical carcinomas were not,
whereas LyP-2 had the opposite specificity. Interestingly, both
peptides bound to other cell types in the neoplastic lesions:
LyP-1 binds to and is internalized by breast tumor cells, whereas
LyP-2 binds to scattered cells in the neoplastic cervix. The bases
for and the implications of these distinctive lymphatic and non-
lymphatic binding specificities are presently unclear and deserve
future investigation. We have encountered a third peptide in the
LyP series, CNKRTRGGC. We did not include that peptide in
this study but its specificity seems to parallel that of LyP-1 (25).
Comparison of the three sequences indicates that shifting the
glycine residue from the NH,-terminal to the COOH-terminal
end is not important to the specificity of the peptide, but that
the arrangement of the basic residues in the K/RRTR/K motif
can alter specificity. Our attempts to identify the binding mole-
cules (receptors) for the LyP peptides (and indeed for other of
the lymphatic signature-finding peptides identified in this study)
have not been successful thus far, and this remains an agenda
for future studies. The closely related sequences of the LyP
peptides predict the existence of a family of related receptors
with tumor type-specific expression in lymphatics. The distinc-
tive specificity of peptides containing the RGD motif in different
sequence contexts for individual integrins (34) exemplifies the
archetype.

Prospects for therapeutic and diagnostic targeting of the
lymphatics. The peptides we describe here have potentially
important uses. Early targeting of the tumor lymphatics for
destruction may serve to reduce metastatic spread, as lymphatic
vessels provide one of the main routes for the spreading of many
types of cancer (15-17, 35, 36). In the present study, we were able to
reduce the abundance of lymphatics in melanoma xenograft
tumors by using lymphatic homing peptides to direct a toxic
peptide to the lymphatics in these tumors. In agreement with
earlier studies (36), the destruction of the lymphatics had little
effect on the growth of the melanoma tumors. These data support
the proposition that primary tumor growth is not in general
dependent on the lymphatic neovasculature. However, targeted
destruction of tumor lymphatics with homing peptide conjugates
has prospect to limit metastatic dissemination as has been exem-
plified in other studies that genetically manipulated lymphatic
growth factors to eliminate tumor lymphatics (15-17, 35, 36).

Although studying the effect of the lymphatic homing peptide-
drug conjugates on metastasis is one of our long-term aims, we
foresee considerable potential in more general applications aimed
at producing antitumor effects with homing peptides for tumor
lymphatics. Lymphatic homing peptides can be harnessed to
deliver a payload into the tumor, as illustrated herein for
fluorescein and for the p(KLAKLAK), proapototic peptide. Targeted
drug conjugates can potentially have broader effects than what
can be obtained by destroying peritumoral lymphatics. Homing
peptides for tumor blood vessels have been used in targeted
delivery of therapeutic agents into tumors. As a result of such
targeting, the efficacy of the drug increased, whereas its side effects
were reduced (26, 32, 37, 38). Our lymphatic homing peptides
present another potential route for targeted delivery of drugs into
tumors.
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Tumor-specific changes in the lymphatics may also have
applications in diagnostic molecular imaging of tumor growth,
progression, and response to therapy, as well as for early detection
of incipient organ-specific cancers (or premalignant progenitor
lesions) that evidently have both blood and lymphatic vascular

signatures.
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