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Abstract

Complete removal of tumors by surgery is the most important prognostic factor for cancer pa-
tients with the early stage cancers. The ability to identify invasive tumor edges of the primary
tumor, locally invaded small tumor lesions, and drug resistant residual tumors following neoad-
juvant therapy during surgery should significantly reduce the incidence of local tumor recurrence
and improve survival of cancer patients. In this study, we report that urokinase plasminogen ac-
tivator (uUPA) and its receptor (uUPAR) are the ligand/cell surface target pair for the development of
targeted optical imaging probes for enhancing imaging contrasts in the tumor border. Recombinant
peptides of the amino terminal fragment (ATF) of the receptor binding domain of uPA were la-
beled with near infrared fluorescence (NIR) dye molecules either as peptide-imaging or pep-
tide-conjugated nanoparticle imaging probes. Systemic delivery of the uPAR-targeted imaging
probes in mice bearing orthotopic human breast or pancreatic tumor xenografts or mouse
mammary tumors led to the accumulation of the probes in the tumor and stromal cells, resulting
in strong signals for optical imaging of tumors and identification of tumor margins. Histological
analysis showed that a high level of uPAR-targeted nanoparticles was present in the tumor edge or
active tumor stroma immediately adjacent to the tumor cells. Furthermore, following targeted
therapy using uPAR-targeted theranostic nanoparticles, residual tumors were detectable by optical
imaging through the imaging contrasts produced by NIR-dye-labeled theranostic nanoparticles in
drug resistant tumor cells. Therefore, results of our study support the potential of the devel-
opment of uPAR-targeted imaging and theranostic agents for image-guided surgery.

Key words: uPAR, optical imaging, theranostic nanoparticles, tumor margin, and image-guided
surgery

Introduction

Surgery is the most effective treatment for cancer
patients diagnosed with the early stage diseases.
Typically, a surgeon removes the tumor along with
surrounding non-cancerous tissues. The outside of the
tumor, or tumor margin, is determined by pathologi-
cal examination of the resected tissues during and
post surgery. If the tumor border is more than 1 mm

away from the resection edge of the tissue, this is
considered to be a negative margin or RO status [1-4].
However, detection of tumor cells at the edge of the
resected tissue indicates a positive margin or R1 status
[1, 2, 5-7]. Clinical studies have shown that the tumor
margin status is a key prognostic factor for local tu-
mor recurrence and survival of cancer patients for
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many types of resectable human cancers [5, 6, 8-10].
Cancer patients with a positive tumor margin often
need additional surgery to remove the residual tu-
mors, or post-operative chemo- or radiotherapy to
prevent tumor recurrence [7, 11, 12]. Therefore, a cu-
rative surgical resection by achieving a negative tu-
mor margin has been the most important goal for the
surgical treatment of cancer patients.

At present, the most common clinical procedures
for evaluating tumor margin status are intraoperative
gross examination and frozen tissue section, and
post-surgery histological analysis of resected tumor
tissues [1, 5-7, 13]. It is clear that those intraoperative
evaluations are not reliable since post-operative
pathological analysis of the tumor tissues usually re-
veals high percentages of the tissues with positive
tumor margins [1, 7, 11, 12]. For example, 20 to 50% of
breast patients after lumpectomy and 14% to 76% of
pancreatic cancer patients after the Whipple proce-
dure were found having positive tumor margins [4,
10, 12, 14]. The major challenge in accurate identifica-
tion of the tumor margin is that invasive tumor le-
sions don’t usually have a well defined tumor
boundary and sometimes small satellite tumors lo-
calize in the surrounding normal tissues [1, 2, 4]. The
presence of fibrosis and inflammatory changes asso-
ciated with preoperative chemotherapy or tu-
mor-induced obstruction makes it extremely difficult
for surgeons to determine the tumor margin [15 ].
Additionally, limited numbers of frozen tissue sec-
tions can be sampled around the tumor during sur-
gery and the likelihood of underestimation of the
tumor involvement in the margin is high [1, 6, 7].
Therefore, there is an urgent need to develop sensitive
and accurate intraoperative imaging approaches for
the detection of tumor margins.

Recent advances in the development of molecu-
lar imaging contrasts make it possible to visualize
tumors using non-invasive as well as intraoperative
imaging approaches [16-24]. Antibodies, peptides,
and small molecules have been labeled with fluores-
cent dyes for generating targeted optical imaging
probes [17-19, 25, 26]. Those targeting ligands can also
be conjugated to various nanoparticles to produce
nanoparticle imaging probes [20, 27-30]. Results of
previous studies using targeted imaging probes
showed the feasibility of the detection of tumors in
animal tumor models and in humans. In a recent
clinical trial, fluorescein isothiocyanate labeled folic
acid was used for intraoperative optical imaging of
ovarian cancers in the cancer patients [19].

The production of a targeted imaging contrast
requires a pair of a cell surface target and a high af-
finity targeting ligand. An ideal cell surface molecule
for developing targeted imaging agents should be

overexpressed in tumor cells and has a high affinity
ligand for recognition of the molecule that is used for
directing nanoparticles. To increase specificity and
sensitivity of optical imaging of tumor margins, it is
also critical that the selected cell surface target should
be highly expressed in the tumor boundary. Increas-
ing evidence from histological analysis of human
cancer tissues supports the potential of targeting uro-
kinase plasminogen activator receptor (uPAR) for
imaging tumor margins [31-35]. Urokinase plasmin-
ogen activator (uPA) is a serine protease that interacts
with its receptor, uPAR, to regulate multiple path-
ways involved in matrix degradation, cell motility,
metastasis, and angiogenesis [31]. In the majority of
normal tissues or organs, the level of uPAR is very
low or undetectable except for a low level of expres-
sion in macrophages, granulocytes, the uterus, thy-
mus, kidney and spleen [36]. However, uPAR is
highly expressed in many tumor types, such as breast,
pancreatic, lung, and ovarian cancers [32, 35, 37].
Studies have demonstrated that a high level of uPAR
expression in tumor cells correlates with aggressive
tumor types, tumor metastasis, and poorer prognosis
[31, 32, 38]. About 60 to 90% of invasive breast cancer
tissues and 54% of the early stage of ductal carcinoma
in situ (DCIS) expressed a high level of uPAR while
normal breast tissues lack the expression [32, 39].
Although uPAR may be a potential target for all
breast cancer subtypes, a recent study showed that
triple negative breast cancer tissues expressed a
higher level of uPAR compared to luminal breast
cancer subtype [40]. Additionally, 86 to 90% of pan-
creatic cancer tissues had a high level of uPAR, but its
expression was not found in the normal pancreas or
pancreatic tissues with chronic pancreatitis [35, 41].
About 58% of pancreatic cancer tissues have uPAR
gene amplification and the level of uPAR mRNA in
pancreatic cancer tissues was 9.6 folds over adjacent
normal tissues [41, 42]. Results from two studies of 15
or 29 pancreatic cancer biomarkers have placed uPAR
as the top biomarker to distinguish between pancre-
atic cancer and normal pancreas or chronic pancreati-
tis [41, 42].

Unlike many other tumor cell surface bi-
omarkers, uPAR is highly expressed in the tumor cells
at the invasive edge and the tumor stroma, including
angiogenic endothelial cells, active fibroblasts, and
tumor associated macrophages [33, 38, 39, 43, 44].
Expression of uPAR in the tumor stroma is important
for the detection of the satellite tumor lesions that are
smaller than 1 mm3, which lack tumor angiogenesis
and have a low efficiency in delivery of tumor
cell-targeted imaging probes into the tumor. There-
fore, those unique characteristics of uPAR make it a
suitable cell target for the development of optical
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imaging probes for the detection of tumor margin.

In this study, we developed uPAR targeted op-
tical imaging probes using amino terminal fragment
(ATF) of uPA either as near infrared fluorescence
(NIR) dye-labeled recombinant 135-amino acid pep-
tides or NIR-dye-ATF peptides conjugated to polymer
coated magnetic iron oxide nanoparticles (IONPs).
Selective accumulation of the imaging probes in tu-
mors, especially in the tumor margin, following sys-
temic delivery of the targeted nanoparticles has been
demonstrated in orthotopic breast and pancreatic
cancer mouse models.

Materials and Methods

Cell lines

MDA-MB-231 human breast cancer cell line was
purchased from American Type Culture Collection
(ATCC, Rockville, MD). Luciferase gene stably trans-
fected MIA PaCa-2 human pancreatic cell line was
provided by Dr. Rosa Hwang, MD Anderson Cancer
Center, Houston, TX). Both cell lines were cultured in
DMEM medium containing 10% fetal bovine serum
(FBS). The MCEF-10 DCIS (or MCE-10DCIS.COM)
human breast cancer cell line was obtained from
Asterand US, Detroit, MI, and cultured in DMEM/F12
medium supplemented with 5% horse serum. 4T1
mouse mammary tumor cell line was kindly provided
by Dr. Fred R. Miller at Wayne State University, De-
troit, MI. 4T1 cells were cultured in DMEM medium
with 10% FBS.

Animal tumor models

The 4T1 mouse mammary tumor model was es-
tablished by injecting 2x10° of 4T1 cells into the mouse
mammary fat pad in 6- to 8-week old female Balb/c or
nude mice (Harlan Laboratories, Indianapolis, IN).
4T1 tumors grew to 5 to 10 mm in diameter measured
using a caliper, in 10 to 14 days. 1x107 of human
MDA-MB-231 cells were injected into the mammary
fat pad of 6 to 8 weeks old female nude mice and the
tumor xenograft reached the optimal imaging size of 5
to 10 mm in 3 to 4 weeks. To generate an orthotopic
breast cancer model with both early stage ductal car-
cinoma in situ (DCIS) and invasive cancer characteris-
tics, 5x10¢ of MCF-10DCIS cells were mixed with
Matrigel (BD Biosciences, San Jose, CA) and then in-
jected into the mammary fat pad of nude mice.
MCEF-10 DCIS tumors grew to 5 to 10 mm in diameter
in 14 to 20 days.

The orthotopic human pancreatic cancer xeno-
graft model was established using a surgical proce-
dure. Under anesthesia, 5x10° of fire-fly luciferase
gene stably transfected MIA PaCa-2 cells were in-
jected into the pancreas of 6 to 8 weeks old female
nude mice. Pancreatic tumor xenografts reached 5 to 8

mm in diameter and were ready for experiments in
about 3 to 4 weeks. The growth of orthotopic pancre-
atic cancer xenografts was monitored by biolumines-
cence imaging. All animal study protocols were ap-
proved by the Institute of Animal Use Committee of
Emory University.

Production of recombinant targeting ligands

uPAR targeted mouse ATF peptides were pro-
duced from pET101/D-TOPO expression vector con-
taining a cDNA fragment encoding amino acids 1 to
135 of mouse uPA [27, 34]. Human ATF peptides were
produced from a pET20a plasmid with the human
ATF gene. Both mouse and human ATF peptides (17
kDa) were produced in E. coli BL21 bacterial expres-
sion system and then purified from bacterial extracts
under native conditions using a Ni2+NTA-agarose
column (Qiagen, Valencia, CA).

Human single chain epidermal growth factor
receptor (EGFR) antibody (ScFvEGFR) was produced
in TG1 E. coli competent cells (Biochain Institute, Inc,
Hayward, CA) using ScFv B10 plasmid [28]. Recom-
binant ScFVEGFR proteins (25 kDa) were obtained
from the bacterial lysates of scFv B10 transformed
TG1 competent cells after Ni2+ NTA-agarose column
separation under native conditions (Qiagen, Valencia,
CA).

Production of targeted optical imaging probes

In this study, we produced five different optical
imaging probes targeting to two cell surface receptors,
uPAR and EGEFR. These included uPAR-targeted
Cy5.5-ATF (human or mouse), NIR-830-ATF-IONP,
NIR-830-ATF-IONP-doxorubicin (Dox), and IRDye
800-ScFvEGEFR (Figure 1)

Peptide-based probe: Three near infrared (NIR)
dyes at a ratio of one targeting peptide to 4 dye mol-
ecules were used to label targeting ligands. Excitation
and emission wavelengths of the NIR dye molecules
are shown in Figure 1. Cy5.5™ maleimide (GE
Healthcare, Piscataway, NJ) was conjugated to reac-
tive thiol group of the peptides using the manufac-
ture’s protocol. IRDye® 800CW NHS (LI-COR, Lin-
coln, NE) was labeled to active amine groups of the
targeting peptides. A maleimide form of near infrared
dye-830 (NIR-830 maleimide) was synthesized from
IR-783 (Sigma-Aldrich, St Louis, MO) in our group
and was conjugated to the thiol group of the targeting
peptides based on the protocol developed in our la-
boratory (Figure 1) [45, 46]. After 4 hours of the con-
jugation reaction, free dye molecules were separated
from the dye-peptide conjugates using a Nanosep 3k
OMEGA column (Pall Corp, Ann Arbor, MI). As a
non-targeted control, mouse serum albumin (MSA)
(Sigma-Aldrich) was labeled with NIR dye molecules
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using the method as described above.

uPAR-targeted optical imaging nanoparticle
probes and theranostic nanoparticles: Magnetic iron
oxide nanoparticles (IONPs, 10 nm core size) coated
with amphiphilic polymers (Ocean Nanotech, LLC,
Springdale, AR) were conjugated with NIR-dye
830-labeled ATF peptides at a ratio of 1 nanoparticle
to 15 ATF peptides via cross-linking of carboxyl
groups of the amphiphilic polymer to amino side
groups of the peptides (Figure 1). The final nanopar-
ticle conjugates were purified using Nanosep 100k
column. A non-targeted control NIR-830-MSA-IONP
was produced using the same protocol. To produce
ATF-IONPs carrying a chemotherapy drug, doxoru-
bicin HCI (Dox) (Polymed Therapeutics, Houston,
TX) was dissolved in methanol and then added to
ATF-IONPs at a ratio of Img Dox to 1 mg of iron
equivalent IONPs. After rotating at room temperature
for 4 hrs, free Dox was separated from the encapsu-
lated Dox using Nanosep 100k column filtration.
Under high pH conditions, over 95% of Dox mole-
cules were encapsulated into the hydrophobic space
between the IONP core and amphiphilic polymer. The
final hydrodynamic sizes of NIR-830-ATF-IONP and
NIR-ATF-IONP-Dox were ~20 and 30 nm, respec-
tively, as determined using Zeta-sizer Nano (Malvern
Instruments Inc., Southborough, MA).

Histological analysis

Following systemic delivery of the imaging
probes and optical imaging procedure, the mice were
sacrificed. Tumor and normal tissues were collected
and then frozen in liquid nitrogen or fixed with 10%
buffered formalin. 5 pm of frozen or paraffin tissue
sections were cut for histological analysis. H&E
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staining was conducted to determine morphological
and pathological characteristics of tumors. Prussian
blue staining was used to determine the accumulation
of the iron nanoparticles in the tumor tissue sections
using our established methods [23].

Immunofluorescence labeling

Frozen tissue sections of breast and pancreatic
tumor xenografts were incubated with an anti-uPAR
polyclonal rabbit antibody (Santa Cruz Biotechnolo-
gy, Santa Cruz, CA), followed by Alexa Fluor 555-goat
anti-rabbit IgG (Invitrogen, Carlsbad, CA). Mouse
endothelial cells were identified using a FITC-labeled
rat anti-mouse CD31 antibody (BD Biosciences, San
Diego, CA). Mouse macrophages were identified us-
ing Alexa Fluor 488-labeled rat anti-mouse CD68 an-
tibody (AbD Serotec, Raleigh, NC). Some tissue slides
were doubly stained with uPAR and CD68, uPAR and
CD31, or CD68 and Prussian blue staining. The tissue
sections were labeled with uPAR antibody and then
Alexa Fluor 555-goat anti-rabbit IgG using the method
as described above. FITC-labeled rat anti-mouse CD31
antibody or Alexa Fluor 488-labeled rat anti-mouse
CD68 antibody was then added to the tissue section
for one hour. After washing with PBS, the tissue sec-
tion was counter-stained with Hoechst 33342. For
double labeling of CD68 and Prussian blue staining,
tissue sections were incubated with Prussian blue
staining solution for 2 hours. After washing thor-
oughly with PBS, Alexa Fluor 488-labeled rat an-
ti-mouse CD68 antibody was added to the tissue sec-
tion for 1 hour. Images were acquired at 20X magni-
fication using a Zeiss Axioplan 2 upright fluorescence
microscope.
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Figure |. Schematic of optical imaging probes labeled with different NIR dyes. A. Cy5.5-recombinant ATF peptide imaging probe has an excitation
wavelength of 680 nm and an emission wavelength of 694 nm. B. IRDye800CWV labeled single chain antibody (ScFYEGFR) imaging probe has an excitation wavelength
of 780 nm and emission wavelength of 790 nm. C. Three NIR-830 dye-labeled optical imaging probes were produced, including NIR-830-ATF peptide probe,
NIR-830-ATF-IONP nanoparticle probe, and NIR-830-ATF- theranostic IONP carrying Dox. NIR-830 dye-labeled probes have an excitation wavelength of 800 nm
and emission wavelength of 825 nm.
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NIR optical imaging

For optical imaging of the mice that received
Cy5.5 or IRDye 800 dye labeled imaging probes, the
mice were placed on an alfalfa-free rodent diet (Har-
lan Teklad, Madison, WI) 3 to 5 days before the ex-
periment to reduce body background. However, spe-
cial diet was not required for the mice that received
NIR-830 dye-labeled imaging probes.

Optical imaging was performed using either the
OV-100 Small Animal imaging system (Olympus
America Inc., Center Valley, PA) or Kodak FX in vivo
imaging system (Carestream Health, Inc, New Haven,
CT). For OV-100 imaging system, optical images were
taken using 0.14 to 0.8x magnifications and the Xenon
lamp. For Cy5.5 dye-labeled probes, a set of
HQ595-635 nm (excitation) and Q675/50m (emission)
was used to capture images. For IRDye 800 and
NIR-830 dye labeled probes, a set of 730AF45 nm (ex-
citation) and 770ALP (emission) was used to capture
images. A bright field image was taken and overlaid
with the optical image to show the location of the
imaging signals.

All optical images taken by the Kodak FX in vivo
imaging system were obtained from the mice that
received systemic delivery of NIR-830-dye labeled
IONP probes. Optical images were taken using an 800
nm excitation and 850 nm emission filter set with a
90-second exposure time and a Gamma value of 0.2.
For each NIR image, a corresponding X-ray image
was taken to provide anatomic location of the tumor.

Results

uPAR expression and targeted optical imaging
in an orthotopic human breast cancer xeno-
graft model

It is well known that breast cancer is a highly
heterogeneous disease with a wide range of patho-
logical and phenotypic characteristics. DCIS of the
breast is the early cancer stage with proliferating
pre-invasive breast cancer cells inside the breast duct
but have not breached the ductal basement membrane
[39, 47]. In this study, we used a human breast cancer
xenograft model derived from the MCF-10DCIS cell
line that contained a breast cancer progenitor cell
population and gave rise to heterogeneous tumor
lesions [47]. MCF-10 DCIS cells produce rapidly
growing tumors in nude mice with predominant
comedo DCIS lesions during the first three weeks of
the tumor growth and gradually progressing to inva-
sive tumors in 4 to 8 weeks (Figure 2A). Using an an-
tibody against both human and mouse uPAR, we
found that uPAR is highly expressed in the majority
of DCIS nodules. However, the level of the expression
varied among DCIS nodules with some expressing a

very high level, while others have low to intermediate
levels of uPAR (Figure 2). Furthermore, activated
macrophages in the tumor stroma expressed a very
high level of uPAR (Figure 2B). Even in some DCIS
lesions with a low or absence of uPAR expression, the
tumor stroma immediately adjacent to the tumor
nodules still contained uPAR positive cells (Figure
2B). In invasive tumor lesions, uPAR is expressed in
most tumor cells with a higher level in the tumor edge
(Figure 2B).

The mice bearing MCF-10DCIS tumors received
a tail vein injection of 50 pg of NIR-830 dye labeled
human ATF peptides. 24 hours after injection, optical
imaging using the OV-100 in vivo imaging system
showed a strong NIR imaging signal in an orthotopic
DCIS lesion, which clearly delineated the tumor
boundary (Figure 2 C).

Comparison of optical signals in human breast
cancer xenografts following systemic delivery
of uPAR or EGFR targeted optical imaging
probes

Next, we wanted to determine if optical imaging
probes targeting to tumor cells alone or both tumor
and stromal cells have different distributions inside
tumors. EGFR-targeted IRDye 800-ScFvEGFR was
used as a control imaging probe that only binds to
tumor cells but not to stromal cells. After simultane-
ous delivery of a mixture of Cy5.5-human ATF and
IRDye 800-ScFvVEGEFR into a nude mouse bearing an
orthotopic MDA-MB-231 human breast cancer xeno-
graft for 24 hours, whole body optical imaging
showed that both optical imaging probes were selec-
tively accumulated in the tumor that enabled tumor
imaging (Figure 3). However, strong optical signals
were also detected in the liver area of the mouse when
the filter set for IRDye 800 was used but not with the
filter set for Cyb5.5, suggesting a high level of
EGFR-targeted imaging probe accumulation in the
liver (Figure 3). To determine distribution of the op-
tical signals inside the tumor mass, mice was sacri-
ficed and the intact tumor, without skin and the top
thin layer of the tumor surface, was imaged under a
high magnification. Using a filter set for Cy5.5 dye, we
found strong optical signals both in the center and
peripheral of the tumor (Figure 3), suggesting the
location of Cy5.5-ATF probes in those tumor regions.
However, a strong IRDye 800 signal was detected
mostly in the center of the tumor, indicating the ac-
cumulation of the EGFR-targeted imaging probes in
the center of the tumor but not in the tumor border.
Therefore, uPAR-targeted imaging probes may be
more suitable for the detection of tumor margins
compared with EGFR-targeted probes.
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Figure 2. Histological characterizations of uPAR expression and non-invasive optical imaging using an uPAR-targeted ATF peptide probe in a
human breast cancer xenograft model. A. MCF-10DCIS tumor xenografts. H&E stained tissue sections showed DCIS characteristics that consisted of solid and
comedo types of DCIS (blue arrow) at two weeks, and a mixture of DCIS and invasive lesions (green arrow) at three weeks after tumor cell injection. B. Immu-
nofluorescence labeling. Heterogeneous expression of uPAR was detected in MCF-10DCIS tissues. A high level of uPAR was detected in some DCIS lesions (short
yellow arrow) and the invasive edge of the tumor (green arrow). Tumor stroma (white arrows) contained uPAR positive cells, even where the DCIS lacked uPAR
expression (long yellow arrows). Blue: Hoechst 33342 background staining. C. Non-invasive in vivo optical imaging of the orthotopic breast cancer xenograft model.
A tumor bearing mouse received the tail vein injection of 50 pg of NIR-830-human ATF peptides for 24 hours. Optical imaging was performed using the Olympus
OV-100 In Vivo Imaging system at 0.14 x and 0.56x zoom magnifications. Red arrow: an optical signal positive DCIS lesion with defined tumor margin. The ratio of the
mean tumor signal to body background near the base of the tumor was 3. Signal to body background ratio reached 6 when measured in the area away from the tumor
base.
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Figure 3. Simultaneous imaging of uPAR and EGFR expression in a human breast cancer xenograft using NIR-dye labeled ATF and ScFVvEGFR
peptide probes. A nude mouse bearing an orthotopic MDA-MB-231 human breast cancer xenograft received a tail vein delivery of a mixture of 50 pg of
Cy5.5-human ATF and 50 pg of IRDye 800-ScFVEGFR for 24 hours. OV-100 In Vivo Imaging System was used for optical imaging. Strong Cy5.5 and IRdye-800 signals
were detected in the tumor xenograft (Upper panel, pink arrows). Cy5.5 signal was also found in the intestine area (Orange arrow). A strong IRDye 800 signal was
detected both in the tumor (pink arrow) and liver (red arrow). Numbers shown in the images are signal to body background ratios. A high magnification image of the
tumor (zoom, 0.8 x) showed the presence of Cy5.5-hATF probes (red) in both the tumor center (Lower panel, blue arrows) and the tumor border (Lower panel,
yellow arrows). However, a high level of IRDye 800 ScFVEGFR probes (green) was detected in the center of the tumor. Numbers shown in the images are the mean
fluorescence intensity of the center or peripheral tumor area.

Cy5.5-hATF

Figure 4. Species specificity of ATF targeting ligands. Cy5.5-human
ATF peptides were injected via the tail vein into the nude mice bearing either
MDA-MB-231 human breast cancer xenografts or 4TI mouse mammary
tumor in the mammary fat pad. Optical imaging was performed 10 minutes
and 24 hours following the imaging contrast administration using the OV-100
In Vivo imaging System with 0.14 and 0.56x zoom magnifications. Strong
optical signal was detected in human breast tumor xenografts (yellow arrows)
but not in mouse mammary tumors (pink arrows). 24 hour optical image
showed a clear tumor border in the mouse bearing the human breast cancer
xenograft.

Species specificity of the human ATF imaging
probe

The before-mentioned study used
Cy5.5-labeled human ATF that had a high binding
affinity to human uPAR [48]. To determine if
NIR-dye-labeled human ATF bound to uPAR ex-
pressing mouse tumor cells and stromal cells, 50 pg
of Cy5.5-human ATF peptides were injected via the
tail vein in the nude mice bearing either
MDA-MB-231 human breast cancer xenografts or
4T1 mouse mammary tumors. A strong optical sig-

nal was detected in the MDA-MB-231 human breast 24 hours following the injection (Figure 4). However,
cancer as early as 10 min post injection. The optical  i; the mice bearing mouse mammary tumors follow-
signal was further enhanced and defined in the tumor ing systemic delivery of human ATF peptide probes,

wray value [wmy
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the imaging signal was detected in the peripheral base
of the tumor 10 min following injection but was not
found in the tumor at 24 hours (Figure 4). Results of
this study were consistent with the previous observa-
tion that there was species specificity in the binding of
the ATF peptide to its cellular receptor [48].

Optical imaging detects drug resistant tumor
lesions following systemic delivery of uPAR
targeted theranostic nanoparticles in human
tumor xenograft models

One of the major challenges in the effective
treatment of human cancer is that a high percentage of
cancer patients have already developed locally ad-
vanced diseases at diagnosis. Many of them require
neoadjuvant therapy before surgery. Our group has
developed uPAR-targeted theranostic nanoparticles
for image-guided and targeted cancer therapy. To
determine whether NIR-dye-labeled and
uPAR-targeted theranostic IONPs have the ability to
serve as optical imaging probes for the detection of
tumor margins and drug resistant residual tumor le-
sions, we examined the feasibility of optical imaging
of orthotopic MCF-10DCIS human breast and MIA
PaCa-2 human pancreatic cancer xenografts after the
systemic delivery of NIR-830-dye labeled-ATF-IONPs
carrying Dox once per week for four treatments. We
used a mixture of human and mouse ATF peptides to
target both human tumor and mouse stromal cells. 6
days after the last theranostic IONP-Dox delivery,
optical imaging revealed strong signals in the MCF-10
DCIS tumor xenograft, which defined the location of
the tumor mass (Figure 5A). Prussian blue staining
showed scattered blue-IONP positive cells in the ne-
crotic tumor areas, an indication of killing of the tu-
mor cells by ATF-IONP-Dox theranostic nanoparticles
(Figure 5A). Furthermore, we detected a high level of
the IONP positive cells in the tumor stroma at the
center and peripheral tumor areas, where there was
an enrichment of tumor vessels (CD31) and tumor
macrophages (CD68) (Figure 5A). Therefore,
uPAR-targeted theranostic nanoparticles were deliv-
ered to both tumor and stromal cells. It seemed that
highly proliferative MCF-10DCIS cells were more
sensitive to Dox than stromal cells so that there were
more IONP positive cells in the tumor stroma fol-
lowing the treatment (Figure 5A).

In the mice bearing human pancreatic cancer
xenografts, a strong optical signal was detected in the
tumor (Figure 5B), but not in normal organs 6 days
after administration of the last treatment of
NIR-830-ATF-IONP-Dox nanoparticles. Optical tumor
imaging correlated well with the tumor location and
size detected by bioluminescence imaging of lucifer-
ase positive MIA PaCa-2 tumor cells, and gross ex-

amination of the tumor after sacrificing the mice
(Figure 5B). In the orthotopic MIA PaCa-2 tumor
xenograft, double labeling immunofluorescence of
frozen tumor sections showed that CD31 positive
tumor vessels were located in the peripheral area ad-
jacent to uPAR expressing tumor cells (Figure 5B).
Active tumor stroma immediately adjacent to the
tumor border had large numbers of uPAR-positive
macrophages (Figure 5B). In the tumor xenograft ob-
tained from the mice that received ATF-IONPs, Prus-
sian blue staining positive cells were found in CD68
positive macrophages and CD68 negative tumor cells
(Figure 5B). Prussian blue staining of tumor tissue
sections obtained from the mice 6 days following the
last treatment of NIR-830-ATF-IONP-Dox revealed a
high level of blue IONP containing cells at the tumor
edge and tumor-stromal boundary in those drug re-
sistant residual tumors (Figure 5B). Therefore, results
of this study suggested that NIR-dye-labeled and
uPAR-targeted theranostic nanoparticles are a prom-
ising class of multifunctional nanoparticles for tar-
geted therapy followed by identification of tumor
margins and small residual tumor lesions for im-
age-guided surgical removal of the tumors.

uPAR-targeted optical tumor imaging in a
mouse mammary tumor model

To determine the optimal time course for tumor
imaging, we used an orthotopic 4T1 mouse mammary
tumor model and NIR 830 dye labeled mouse ATF
peptides, unconjugated or conjugated to IONPs. The
use of a mouse targeting ligand in the mouse tumor
model should ensure accurate assessment of tumor
targeting, intratumoral delivery and distribution of
the probes, and the combined effect of targeting both
tumor cells and active tumor stroma on tumor imag-
ing. First, 50 ng of unconjugated NIR-830-mouse ATF
was injected via the tail vein into BALB/c mice bear-
ing 5 to 8§ mm 4T1 mammary tumors. NIR optical
imaging was performed at different time points. One
day following the injection, optical signal was de-
tected in the tumor and abdominal areas, which were
likely from the liver and intestines (Figure 6A). The
signal in the tumor was markedly enhanced 2 days
following injection. However, optical signals in the
intestines were still visible using the OV-100 imaging
system, suggesting that NIR-830 dye or
NIR-830-dye-peptides were cleared from the liver.
Three days following the injection, imaging signals in
the tumor reached the highest while the signals in the
abdominal cavity became undetectable by
non-invasive optical imaging (Figure 6A). We further
found that the optical signal persisted in the tumor for
over two weeks, although the signal intensity gradu-
ally decreased. By two weeks, optical image-guided
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surgical resection was performed. The signal was only  tissues (Figure 6A). In the mice that received
detected in the resected mammary tumor but not in  non-targeted NIR-830-MSA probes for 2 days, there
the surgical bed of the mice. The tumor tissues were  was no detectable optical signal in the tumor (Figure
examined by optical imaging and the optical imaging  6A).

signal was detected within the edge of the resected

Figure 5. uPAR-targeted theranostic IONPs for
optical imaging of drug resistant residual tu-
mors. A. Optical imaging of a residual DCIS tumor
following uPAR-targeted therapy using
NIR-830-ATF-IONP-Dox theranostic nanoparticles.
Following four treatments, the residual tumor had a
strong optical signal for tumor imaging. CD 31 positive
tumor blood vessels and CD 68 positive macrophages
were present in the tumor stromal areas (purple ar-
rows) but a few of them were found within the tumor
nodules (yellow arrows). Prussian blue staining revealed
a low percentage of blue iron positive cells in the
necrotic tumor areas (yellow arrow) and a high level of
blue iron positive cells in the tumor stroma (blue
arrow). B. Detection of drug resistant residual pancre-
atic cancers by optical imaging after the treatment of an
orthotopic human pancreatic cancer xenograft model
with NIR-830-ATF-IONP-Dox. Optical imaging was
done 6 days following the last nanoparticle injection.
Strong optical signal was detected in the tumor, which
was confirmed by bioluminescence imaging and gross
examination of the tumor location after sacrificing the
mouse. Double labeling fluorescence using CD3I
(green) and uPAR (red) antibodies showed tumor
vessels in the peripheral area near the tumor edge
where tumor cells expressed a high level of uPAR
(yellow arrow). CD68 positive macrophages were found
adjacent to uPAR-expressing tumor border (red) and
most tumor associated macrophages (green) also
expressed uPAR (yellow or orange). Prussian blue
positive cells were found in CD68 expressing macro-
phages (red arrow) and in tumor cells. Furthermore,
high levels of Prussian blue positive cells (yellow arrows)
were detected in the invasive edge of the tumor but not
in nearby normal pancreatic tissues (green arrows). Red
background staining is nuclear fast red.

A. Human breast cancer xenograft model

NIR optical imaging Immunofluorescence

b
B. Human pancreatic cance
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Figure 6. Time course optical imaging of mouse mammary tumors using NIR-830-mouse ATF imaging probes. A. A mouse bearing an orthotopic
4T | mouse mammary tumor received tail vein delivery of 50 pg of NIR-830-mouse ATF peptide probes. Optical imaging was performed different time points. Strong
optical signal was detected 2 to 3 days following the probe delivery and was still detectable at |3 days. Numbers in the images show the ratio of the mean fluorescence
intensity of the tumor and body background. The tumor was then removed by image-guided surgery at |13 days. The mean fluorescence intensity of the tumor area
is 2.1 fold higher than that of the resected surrounding normal tissues. The mean fluorescence intensity of the tumor is 4.3 fold higher than the signal of the surgical
cavity. The mean fluorescence intensity in the surgical bed is about the same as the body background (ratio: 0.92). Similar results were observed in three individual
mice. B. Optical imaging of a mouse bearing 4T| mouse mammary tumor after receiving 100 picomolar of NIR-830-mouse ATF-IONP for 48 hours. Specificity of
uPAR-targeted tumor imaging was demonstrated by comparing the ratios of the mean fluorescence signals of the tumor and body background obtained from the
mouse that received NIR-830-mouse ATF-IONP (3.46) with that of non-targeted NIR-830-BSA-IONP injected mouse (1.67). Histological analysis using immuno-
fluorescence labeling detected uPAR expression in the tumor with a high level in the invasive tumor edge (green arrows). Prussian blue staining showed that a high
level of IONPs also accumulated in the edge of the tumor obtained from NIR-830-ATF-IONP injected mice but not in tumor tissues from NIR-830-MSA-IONP
injected mice.

Next, we examined the imaging specificity and
intratumoral distribution of mouse ATF-conjugated
IONPs in the mammary tumor model. 100 pmol of the
NIR-830 dye-mouse ATF-IONPs were injected into
BALB/c mice bearing 4T1 mammary tumors. Three
days after the nanoparticle delivery, whole body op-
tical imaging showed a strong NIR signal in the
mammary tumor but not in any other areas of the

body. The optical tumor image well delineated the
tumor margin of the mammary tumor. Histological
analysis of the 4T1 tumor tissue sections showed that
uPAR was expressed in the tumor with a high level in
the invasive edge and tumor border areas (Figure 6B).
Prussian blue staining revealed a high level of
NIR-830-ATF-IONPs in the tumor border area but not
in the normal mammary tissue (Figure 6B). On the
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other hand, the tumor bearing mice that received
non-targeted NIR-830 MSA-IONP lacked the optical
signal in the tumor and Prussian blue positive cells
were not found in the frozen tumor sections (Figure
6B).

Discussion

Effective surgery by complete removal of tumors
holds great promise to reduce the incidences of local
tumor recurrence due to the presence of residual tu-
mors in and near the surgical cavity. The develop-
ment of novel intraoperative approaches for fast and
accurate identification of tumor lesions should have
the potential to significantly improve survival of
cancer patients [5, 6, 13, 49]. Optical imaging in com-
bination with targeted imaging contrast agents pro-
vides a fast and simple means to detect tumors with
high sensitivity and specificity [50]. At present, vari-
ous types of optical contrast agents have been devel-
oped and their effects on the detection of tumors by
non-invasive and intraoperative imaging have been
demonstrated in animal tumor models and in human
patients [16, 18, 19, 22, 27]. Multimodality imaging
probes with the capability for optical imaging and
MRI, or optical imaging and positron emission tomog-
raphy (PET) have been developed and the feasibility
for tumor imaging using different imaging modalities
have also been demonstrated in animal tumor models
[20, 51, 52]. Although increasing evidence shows that
cell surface receptor-targeted imaging probes are able
to enhance specificity and sensitivity of tumor imag-
ing, it is unclear whether there are differences in the
intensity and location of optical signals among the
imaging probes targeted to different cell types in the
tumor.

A major limitation of optical imaging is its low
sensitivity in the detection of optical probes located
deep inside the tumor [16, 50]. Most excitation sources
have a high efficiency in exciting imaging probes lo-
cated several millimeters to a centimeter deep in the
tumor [21, 22, 50]. For a human tumor that is larger
than 2 centimeters, it is important for the optical im-
aging probes to accumulate at a high concentration in
the peripheral areas of the tumor so that they can be
efficiently excited and emit without extensive attenu-
ations in the tissues. Therefore, it is likely that imag-
ing probes that are selectively targeted to the invasive
tumor edge and active tumor stroma have the poten-
tial for the development of image-guided surgery. In
this study, we evaluated the ability of uPAR targeted
optical imaging probes, either as unconjugated
NIR-dye-ATF peptide or NIR-830-ATF-IONP nano-
particle probes, in optical imaging of tumors in or-
thotopic human breast and pancreatic cancer xeno-
graft models and a mouse mammary tumor model.

Results of our study showed that uPAR is expressed
in the tumor and stromal cells in those animal tumor
models. Systemic delivery of uPAR-targeted imaging
probes or theranostic nanoparticles led to the accu-
mulation of the nanoparticles in the tumor with a
higher level in the tumor border, which allowed de-
lineation of the tumor margin by optical imaging.
Optical imaging properties and the unique intra-
tumoral distribution of uPAR-targeted imaging
probes support the potential of further development
of uPAR-targeted optical imaging contrast agents for
the detection of tumor margins.

Breaking of the extracellular matrix by activated
proteases promotes upregulation of uPAR in aggres-
sive and invasive tumor cell populations that are
likely located in the invasive tumor edge, where there
are extensive angiogenesis and active tumor stroma.
One of the limitations in intratumoral delivery of
imaging and therapeutic agents is low delivery effi-
ciency, especially in the central hypoxic tumor re-
gions. An imaging contrast targeting a biomarker that
is highly expressed in the tumor boundary has the
opportunity to interact with its cell surface target
without relying on efficient intratumoral delivery and
distribution. This fits well with the clinical need of the
tumor border detection. Since the majority of
cell-surface targets are not tumor cell specific, the
imaging contrast effect mainly depends upon the dif-
ferential levels of the receptor expression in the nor-
mal, tumor, and stromal cells. For example, human
breast cancer cells have 13,000 to 50,000 uPAR per cell
while primary normal human mammary epithelial
cells only have 2,500 uPAR per cell [53]. Recent stud-
ies have shown that the interaction of uPA with uPAR
leads to the internalization of the ligand/receptor
complex, which may contribute to enhanced tumor
retention of the uPAR targeted probes [54].

The importance of the uPA/uPAR system in
tumor matastasis and angiogenesis provides a strong
rationale for research efforts in search of potent
inhibitors for this system. Recombinant ATF and
small peptide mimetics of the receptor binding
domain of uPA have been used as uPAR inhibitors
and showed tumor inhibitory effects in animal tumor
models [54-57]. Although the clinical potential for
cancer treatment using ATF or small peptide mimetics
alone or in combination with other therapeutic ap-
proaches has yet to be determined, those ligands are
good candidates for the development of
uPAR-targeted imaging and therapeutic agents since
it is possible to produce nanomolar affinity and stable
targeting ligands in large quantity for translational
applications. Although anti-uPAR or uPA antibodies
have been used as targeting ligands for the develop-
ment of uPAR targeted imaging and therapeutic
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agents [40, 58], they have a molecular weight of 150
KDa, which is 9 to 100 fold larger than ATF peptides
or peptide mimetics, respectively. Furthermore, anti-
bodies have a long blood half life (~72 hours), which
may increase body background [59]. A 9-mer linear
peptide mimetic (AE105) with a tight binding affinity
to human uPAR has been shown to be a strong an-
tagonist of the uPA/uPAR interaction. Systemic de-
livery of %*Cu-labeled AE105-DOTA showed target
specificity in uPAR expressing U87MG human glio-
blastoma xenografts and the ability of PET imaging of
the tumor [60]. However, blood clearance time of
small peptide mimetics is relatively short, which may
limit the accumulation of sufficient amounts of the
targeted imaging probes for sensitive detection of
tumor margins.

One of the key issues to be considered for the
preclinical development of the ATF peptides as uPAR
targeted agents is species specificity. For example,
human ATF has a high affinity to human uPAR (Kp=
2.4x1010 M) but a low affinity to mouse uPAR
(Kp=6.8x10-8M) [48]. On the other hand, mouse ATF
has a high affinity to mouse uPAR (Kp=1.7x10-"M).
However, it could bind to human uPAR with an in-
termediate affinity (1.9x10M) [48]. Consistent with
the results of previous studies, we observed strong
imaging signals in the human breast cancer xenografts
after systemic delivery of human ATF peptides.
However, human ATF imaging probes were not able
to target to mouse mammary tumors. Therefore, dif-
ferential binding affinity of ATF peptides derived
from different species should be taken into considera-
tion when designing preclinical targeted imaging and
biodistribution studies. As shown in Figure 5, for
human tumor xenograft models in nude mice, a mix-
ture of human and mouse ATF can be used to deter-
mine the targeted imaging and therapeutic effects in
both tumor and stromal cells.

A major challenge in identifying tumor margin
and small residual tumor lesions in breast tissues fol-
lowing neoadjuvant therapy is the presence of
scar-like fibrosis, wound-healing, and chronic in-
flammation in the tumor bed that makes it difficult to
visualize the tumor mass and margins. Results of our
study suggest that uPAR-targeted NIR-dye-
theranostic nanoparticles have the potential to serve
as multifunctional agents for targeted therapy and
image-guided surgery. NIR optical imaging has a
high sensitivity to detect residual resistant tumors
with only a small percentage of tumor cells containing
theranostic nanoparticles. Our results also showed
that targeting theranostic nanoparticles to tumor
stromal cells that are relatively resistant to Dox due to
a lower cell proliferation rate than tumor cells, al-

lowed for the detection of the residual tumor by op-
tical imaging.

Although optical imaging systems used in this
study could not be applied directly to image-guided
surgery in human patients, we are in the process of
evaluating several hand-held optical imaging sys-
tems, including spectroscopic, fluorescence molecular
tomography, and photoacoustic imaging devices, to
determine the effects of image-guided surgery on
tumor recurrences and long-term survival in several
animal tumor models.
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