Theranostic012, 2(6)

577

@ lvyspring
.nternational Publisher

ResearctPaper

Monitoring Breast Tumor Lung Met&R&GEDY With an Integrin

T heranostics

2012; 2(6):577-588 doi: 10.7150/thno.4443

Ub,Targeted RadiotfdfeBFRGD

Yang Zhoy Guogianghad-2and Shuang Liu

1. School of Health Sciences, Purdue University, IN 47907 USA.
2. Department of Nuclear Medicine, Nanjing First Hospital, Nanjing Medical University, Nanjing 210006, China .

* Corresponding author : Dr. Shuang Liu, School of Health Sciences, Purdue University, 550 Stadium Mall Drive, West Lafayette, Indiana
47907.Phone: 765494-0236; Fax 765496-1377; Email:liu100@.purdue.edu

© Ivyspring International Publisher. This is an open -access article distributed under the terms of the Creative Commons License (http://creativecommons.org/

licenses/by -nc-nd/3.0/). Reproduction is permitted for personal, noncommercial use, provided that the article is in whole, unmodified, and p

Received: 200405 Accepted: 20M4.23; Publishe@012.06.05

Abstract

roperly cited.

Purpose: The purpose of this study was to evaluate the capability <8RECTII/CT to
monitor the progression of breast cancer lung metastasis USFig-3PRGD, as a radi-

tracer.

Methods: The breast cancer lung metastasis model was established-bgitaihjection o

X 10° 8 1.5 x 10 MDA-MB-231 cellsnto each athymic nude mous8PECT/CT studies were
performed at a specified time after inoculationbA-MB-231 cells. Histological stang was
used to further confirm the presence of lung metastases.

Results: We found that both inoculation time and tumor cell load had significant influence on
the extent of lung metastasiSor example fianimals were injected with 2 x 1iMDA-MB-231
cells, there were no detectable metastatic breast tumors in the lungs after 8 wideksmals
were injected with 1 x 1OMDA-MB-231 cellsthere were many tumors in both lungs week
8.When 15 x 10 MDA-MB-231 cells were injected, the animal becameyweeak by week 7.

We also found a rare example bfeast cancer metastasis in the muscle aradliastinal lymph
nodes The tumor necrotic regions were clearly delineated i PECTII/CT.

Conclusion: This study clearly demonstrated th&fTc-3RRGD, is anexcellent radiotracer

for noninvasive imaging of metastatic breast tumors in the lungs, mediastinal lymph nodes and
muscles®™c-3RRGD, SPECT/CT is an outstanding platform for monitoring the pregre

sion of breast cancer lung metastassmmniquantification of breast tumor load in the lungs

and delineation of tumor necrosis in small animals

Key words: Breast Cancer Lung Metastasis°mTc-3P-RGDg; u-SPECTFII/CT .

Introduction

Breast cancer is the most commonly diagnosed
cancer in women worldwide. Metastatic breast cancer
is characterized by spreading cancer cells into nearby
breast tissue, and other body parts (e.g. bone, lymph
nodes, liver and lungs), and remains the main cause of
death of breast cancer patients. As in many other
metastatic cancer types, specific molecular ©ianges
occurring within tumor cells and the tumor microe n-

vironment contribute to the detachment of tumor cells
from the primary tumor mass, invasion into the tumor
stroma, intravasation into nearby blood vessels or
lymphatics, survival in the blood stream, extravasa-
tion into and colonization of the target organ, and
finally, metastatic outgrowth [1 -3].

Elucidation of molecular mechanisms underl y-
ing breast cancer metastasis has gained tremendously
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from small animal models [1]. The lung metastasis
model is often established by the tail vein injection of
breast cancer cells [4]. Although this model has been
broadly used to evaluate new anticancer drugs [1], it
is difficult to accurately monitor the therapy response.
There are seveal noninvasive imaging modalities for
monitoring therapy response in small animal meta s-
tasis models. These include optical imaging with b i-
oluminescence or fluorescence [46], magnetic reso-
nance imaging (MRI) [7], positron emission tomo g-
raphy (PET) [8] and in vivo confocal analysis during
tumor development in small animals [9]. MRI relies
on anatomical changes during and after therapy while
optical imaging methods have limitations in imaging
small metastasis due to their low spatial resolution.
18F-FDG has been used for cancer diagnosis, staging
and therapy monitoring [10]; but glucose metabolism
may not be an ideal biomarker for treatment response
due to its limited sensitivity in detecting small pu |-
monary metastatic lesions [11]. Therefore, it will be of
great interest to develop an imaging tool to monitor
the progression of breast cancer lung metastasis in a
noninvasive fashion.

Angiogenesis is one of the key requirements for
tumor growth and metastasis [12-14], and is regulated
by proteins, such as angiogenesis inhibitors and in-
tegrins. Among the integrins identified and chara c-
terized so far, integrin aybs is studied most exten-
sively. Integrin aybsis a receptor for extracellular ma-
trix proteins with the exposed arg i-
nine-glycine-aspartic (RGD) tripeptide sequence.lt is
expressed at low levels on epithelial cells and mature
endothelial cells, but is highly expressed in neuro-
blastomas, glioblastomas, melanomas, and carciro-
mas of the breast and lung [1519]. The altered integ-
r i naseXpression has been deteted in breast cancer
[20-22], and correlated with an aggressive phenotype
and metastatic dissemination [21, 22].It was reported
t hat i n.Bzdsgaver-expreAsed on both tumor
cells and activated endothelial cells on the neovasw-
lature of the breast cancer xenografts [23]. All these
facts mak eds;amiriteeegting biomakker for
noninvasive diagnosis of breast cancer and related
metastasis by PET or SPECT (single photon emission
computed tomography).

Radiolabeled cyclic RGD peptides are radiotrac-
ers target i ngaseaxpressed am hahgu-
mor cells and tumor neovasculature [24-27].
[18F]Galacto-RGD and ['8F]JAH111585 are 8F-labeled
cyclic RGD peptides, and are currently under clinical
trials for noninvasive detection of tumors and related
metastasis by PET in cancer patients [2830]. It was
found that the radiotracer tumor uptake correlated
well with the integrin A,&s expression levels. A sig-

nificant challenge for them to assume a wide-spread
utility is their clinical availability a t low cost. A phase
| study was reported for 99mTc-NC100692, a
99mTc-labeled RGD peptide monomer [31]. Although
clinical data showed that 99mTc-NC100692 was able to
detect malignant lesions, the intensive liver uptake
and hepatobiliary excretion will limit its continuing
clinical applications. Therefore, there is an unmet
medical need for more efficient radiotracers that are
clinically useful for early detection of the integrin
A,as-positive tumors and their related metastasis.

99mTc-3P-RGD([29mTc(HYNIC -3P-RGDy)(tricine)
(TPPTS)]: HYNIC = 6-hydrazinonicotinyl; 3P -RGD- =
PEG+E[PEGs-c(RGDfK)]2; PEG= 15-amino-4,7,10,13
tetraoxapentadecanoic acid; and TPPTS =trisodium
triphenylphosphine -3,3',3“trisulfonate) is a 9mTc-
labeled cyclic RGD peptide dimer. In animal models,
99mT¢-3P-RGD- shows high tumor uptake, rapid renal
clearance, and high metabolic stability [32, 33]. It is
currently under clinical investigations as a SPECT
radiotracer for imaging lung carcinomas [34]. Previ-
ously, we found that 9mTc-3P-RGD, was useful for
det ect iagposticeftumdrs in small animals [32,
35], and its tumor uptake was correlated well to the
i nt e gJid expredsion levels [35]. Recently, we
found that 99mTc-3P-RGD, SPECT/CT was useful for
accurate quantification of the tumor radioactivity a c-
cumulation and delineation of necrotic regions [36].
The objective of this study was to evaluate the capa-
bility of 9mTc-3P-RGD, SPECT/CT as a noninvasive
imaging tool to monitor the progress ion of breast
cancer lung metastasis

Materials and Methods

Materials and Analytical Method . Trisodium
triphenylphosphine -3,3',3"“trisulfonate (TPPTS) and
tricine were purchased from Sigma/Aldrich (St. Lo u-
is, Missouri). HYNIC-3P-RGD, (HYNIC =
6-(2-(2-sulfonato-benzaldehyde)hydrazono)nicotinyl,
3P-RGD, = PEGs+E[PEG:-c(RGDfK)]2), and PEG, =
15-amino-4,7,10,13tetraoxapentadecanoic acid) was
prepared using the literature method [32]. Na%mTcO,
was obtained from Cardinal HealthCare (Chicago, IL).
The radio-HPLC method used a LabAlliance system
equipped with a b-ram IN -US detector and Zorbax Cis
colugn (4.6 mm x 250 mm, 300 A pore size).The flow
YateAvas 1 mL/min. The mobile phase was isocratic
with 90% solvent A (25 mM NH 4OAc buffer, pH = 5.0)
and 10% solvent B (acetonitrile) at 08 5 min, followed
by a gradient mobile phase from 10% B at 5 min to
40% B at 20 min.

Radiolabeling and Dose Preparation.
99mTc-3P-RGD, was prepared according to literature
method [32] using lyophilized kit formulation, wh ich
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cont ai ns 2 BP-RGD, BHIMNNIPETS, 6.5 mg
tricine, 40 mg mannitol, 38.5 mg disodium succinate
hexahydrate and 12.7 mg succinic acid.®®mTc-labeling

was accomplished by adding 1 6 1.5 mL of Na®mTcO,
solution (1,110 8 1,850 MBq). The reconstituted vial

was heated at 100 °C for 30 min. The resulting sol-
tion was analyzed by radio -HPLC. The radiochemical
purity ( Supplementary Material: Figure SI1) was
>95% for all imaging studies. Doses were prepared by
dissolving the radiotracer in sali ne to a concentration
of 3700 555 MBg/mL. Each animal was injected with

~0.1 mL (37655 MB@/1.25 8 1.5mg HYNIC -3P-RGD,)
of the dose solution.

Animal Model. Animal studies were carried out
in compliance with the NIH animal experiment
guidelines (Principles of Laboratory Animal CardIH
Publication no. 86-23, revised 1985).The animal pro-
tocol was approved by the Purdue University Animal
Care and Use Committee PACUC No. 04-014-2010.
MDA -MB-231 cell line was obtained from ATCC
(Manassas, VA). The MDA -MB-231 cells were cul-
tured in the RPMI Medium 1640 supplemented with
10% fetal bovine serum (FBS, ATCC) and 1% penidk
lin and streptomycin (GIBCO) solution at 37 °Cin a
humidified atmosphere of 5% CO; in air. Female
athymic nu/nu mice at 4 8 5 weeks of age were pu-
chased from Harlan (Indianapolis, IN). The lung me-
tastasis model was established by injecting
MDA -MB-231 cells into the tail vein of each animal.
SPECT/CT studies were performed at the specified
time after inoculation of tumor cells.

u-SPECT/CT. SPECT/CT images were obtained
using a u-SPECTFII/CT scanner (Milabs, Utrecht, The
Netherlands) equipped with a 0.6 mm multi -pinhole
collimator. The tumor-bearing mouse was injected
with 37 8 55.5MBq of 99mT¢-3P-RGD; via the tail -vein.
At 60 min post-injection (p.i.), the animal was placed
into a shielded chamber connected to an isoflurane
anesthesia unit (Univentor, Zejtun, Malta). Anesthesia
was induced using an air flow rate of 350 mL/min
and ~3.0% isoflurane. After induction o f anesthesia,
the animal was immediately placed supine on the
scanning bed. The air flow rate was reduced to ~250
mL/min with ~2.0% isoflurane. Rectangular scan in
regions of interest (ROIs) from both the SPECT and
CT were selected based on orthogonal optcal images
provided by integrated webcams. After SPECT ac-
quisition (75 projections over 30 min per frame, 2
frames), the animal was then translated into the at-
tached CT and i maged usi
settings (2 degree intervals) at 45 kV and 50071A. After
imaging, the animal was allowed to recover in a
lead-shielded cage.

Image Reconstruction and Data Processing.

SPECT reconstruction was performed using a POSEM
(pixelated ordered subsets by expectation maximiza-
tion) algorithm with 6 iterations and 16 subsets. CT
data were reconstructed using a conebeam filtered
back-projection algorithm (NRecon v1.6.3, Skyscan).
After reconstruction, the SPECT and CT data were
automatically co-registered according to the move-
ment of robotic stage, and re-sampled to equivalent
voxel sizes. Co-registered images were further ren-
dered and visualized using the PMOD software
(PMOD Technologies, Zurich, Switzerland). A
3D-Guassian filter (0.8 mm FWHM) was applied to
smooth noise, and LUTs (look-up tables) were ad-
justed for good visual contrast. Reconstructed images
were visualized as both orthogonal slices and maxi-
mum intensity projections .

Radioactivity Quantification. Radiation sources
of known amount of radioactivity were imaged and
reconstructed using the same scanning protocol de-
scribed above. A standard curve (Supplementary
Material: Figure SI2) was generated to correlate the
pixel intensities in reconstructed images to the radio-
activity measured by the g-counter (Shelton, CT). The
organ delineation was performed on SPECT/CT i m-
ages. ROIs were drawn manually to cover entire o r-
gan in the transverse view of SPECT/CT image. The
organ volume and radioactivity counts were gener-
ated using the PMOD software . The radioactivity in
each organ was calculated according to the above
mentioned standard curve (Supplementary Material:
Figure SI2). The organ uptake was expressed as the
percentage of injected dose §ID) and percentage of
injected dose per unit volume (%ID/cm 3). For tumor
necrosis quantification, the total tumor volume was
determined by CT, and the volume of viable tumor
was measured by SPECT.The difference between
these two values represents the volume of necrotic
tumor tissues. The percentage of tumor necrosis was
calculated using the following equation: % necrosis =
100 x (the volume of necrotic tissue)/(total tumor
volume). The tumor/necrosis (T/N) rat ios were cd-
culated by circling an area (~0.01cn®) of necrotic re-
gion with the lowest radioactivity accumul ation and
an equally sized area of viable tumor with high rad i-
oactivity accumulation.

Hematoxylin and Eosin (H&E) Staining . All
tissues of interest harvested from the tumor -bearing
mice two days after SPECT/CT were fixed in 10%
formalin. Bone tissues were decalcified with eth-

n gylenediaeninedetramaetio aaticd (ERTA)quntil théytbieo n

came soft. Tissues were embedded in paraffin. The 4
mm sections were deparaffinized and re-hydrated.
Tissue sections were stained with hematoxylin and
eosin to study the morphology under microscope.
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Aperio's ImageScope Viewer (Vista, CA) was used to
visualize the whole -slide scans and capture images.

Immunohistochemistry. Tumors were embed-
ded in the OCT (optimal cutting temperature co m-
pound) solution immediately after removal,
snap-frozen in liquid nitrogen, and then c ut i
slices. After drying thoroughly at room temperature,
the slides were fixed with ice -cold acetone for 10 min,
and dried in the air for 20 min. The sections were
blocked with 10% goat serum for 30 min at room
temperature, and were incubated with the hamster
anti-i nt e gzrantilmody §1:100, BD Biosciences, San
Jose, CA) and rat antitCD31 antibody (1:100, BDBio-
sciences) for 1 h at room temperature. After incuba t-
ing with the Cy3 -conjugated goat anti-hamster and
fluorescein (FITC)-conjugated goat anti-rat secondary
antibodies (1:100, Jackson ImmunoResearch Inc., West
Grove, PA) and washing with PBS, the fluorescence
was visualized with an Olympic BX51 fluorescence
microscope (Olympus America Inc., Center Valley,
PA). Quantitative analysis of the integrin bz expres-
sion was performed after immunostaining of tumor
tissues. All images were obtained under 100x magni-
fication with the same exposure time. Brightness and
contrast adjustments were made equally to all the
images. The average area of positively stained bz on
cryostat sections from at least 15 randomly selected
fields in each slide was calculated to assesshe rela-
tive expression in the tumor tissues by the NIH ImageJ
software. The relative bs level was expressed as a
percentage (%) of the total area, and the ratio of the
integrin expression in viable region to necrotic region
was calculated.

Statistical Ana lysis. All data were expressed as
the means + the standard deviation. Statistical analy-
sis was performed by one-way analysis of variance
(ANOVA) followed by the Newman -Keuls test for
multiple comparisons. The level of significance was
set atp < 0.05.

Results

Monitoring Progression of Breast Cancer Lung
Metastasis. Figure 1 shows the 3D and transverse
views of SPECT/CT images of athymic nude mice (n
= 8) with breast cancer lung metastasis.These images
were obtained at week 4, 6 and 8 after tailvein injec-
tion of 1.0 x 1®* MDA -MB-231 cellsto determine how
long it takes to develop the measurable lung metas-
tases in athymic nude mice. We found no metastatic
breast tumor lesions detectable by A+ SPECT/CT in the
lungs at week 4 (Figure 1: top). By week 6, small
breast cancer lesions started to appear in the media-
tinum and lungs. At week 8, SPECT/CT images re-
vealed many metastatic cancer lesions in both lungs

nt o

while the tumor in mediastinal lymph nodes became
larger. Histological data confirmed the presence of
these metastatic lesions in the lungs and mediastinum
(Figure 1: bottom), and were completely consistent
with the results from SPECT/CT.

5 Figune 2 compares the %ID (left) and %ID/cm 3
(right) uptake values of 9mTc¢c-3P-RGD: in the lungs.
The tumor uptake values were calculated on the basis
of SPECT/CT quantification in athymic nude mice (n
= 8) at week 4, 6 and 8 after inoculation of 1.0 x 10
MDA -MB-231 cells For comparison purposes, the
animals (n = 4) without lung metastasis were used in
the control group. Even though the lung uptake of
99mTc-3P-RGD> (0.41 £ 0.05 %ID) at week 4 seemed to
be higher than that in the control animals (0.36 + 0.06
%ID), this difference was not significant (p > 0.05)
within the experimental errors. At week 6, the tumor
burden in the lungs became significant. The lung up-
take of 99mT¢c-3P-RGD; was much higher (0.89 + 0.12
%ID; p < 0.01) than that in the control group. By week
8, the uptake of 9mT¢c-3P-RGD: in the lungs was in-
creasel to 1.40 = 0.42 %ID.In all cases, the lung size
remained relatively unchanged (1.21 8 1.32 cn®) dur-
ing the 8-week study period.

Tumor Cell Load on Progression of Breast
Cancer Lung Metastasis. We examined the impact of
tumor cell load on the extent of breast cancer lung
metastasis by injecting different number of
MDA -MB-231 cells.Figure 3 shows the 3D views of
representative  SPECT/CT images of the athymic
nude mice after tail vein injection of 2 x 105 (A: n = 4),
1 x 10 (B: n =8) and 1.5 x 168 (C: n = 4) of
MDA -MB-231 cells.Obviously, the number of i njected
tumor cells had a significant impact on the extent of
lung metastasis, which was consistent with the %ID
(D) and %ID/cm 3 (E) lung uptake values of
99mTc-3P-RGD,. For example, the animals injected
with 2 x 105 of MDA -MB-231 cells showed no mea-
static breast cancer lesions detectable by
u-SPECTFII/CT in the lungs, lymph nodes and mu s-
cles 8 weeks after tumor cell inoculation. The lung
uptake of 9°mTc-3P-RGD, was 0.40 = 0.05 %ID as
compared to 0.37 £ 0.05 %ID in the normal animals.
However, histological data revealed many breast
cancer micrometastases (Figure &), which were
avascular and comprised of only several breast cancer
cells. They are likely too small to be detected by
u-SPECTFII/CT (detection limit: ~1 mm in diameter
[36]). In contrast, the animals administered with 1 x
10 of MDA -MB-231 cells had many metastatic lesions
in the lungs (Figure 3B) at week 8. The presence of
metastatic breast cancer lesions was further confirmed
by histological data (Figure 3G) of lung tissues and
the increased lung uptake of 9mTc-3P-RGD, (Figure
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3D: 1.45 £ 0.45 %ID) When animals were adminis-  lesions in lungs (Figure 3C), and the lung uptake of
tered with 1.5 x 16 of MDA -MB-231 cells SPECT/CT  99mT¢-3P-RGD; was increased to 1.91 + 0.68 %ID (Fg-
imaging had to be performed at week 7 since it be-  ure 3D). Histological data were completely consistent
came very weak due to the reduced lung function. with the presence of massive metastatic breast tumors

SPECTCT images showed massive metastatic tumor  (Figure 3H).

15%ID/cm’®

0%ID/cm’

Tumor in the 15%ID/cm®

mediastinum 5.10 %ID/cm®

} |

1.88 %ID/cm®

0%ID/cm®

Figure 1. The 3Dand transverse viewsf SEECT/CT imags of an athymic nude mouse at week 4, 6 and 8 aftewéail injection of 1.0
x 106 MDA-MB-231 cells, along with th&l&E stained slices (magnification: 18k}the lung and mediastintissues Only one animal
showed the presence of mediastinal tumors, as indicated by yellow arrows.

2.0 - ¥ 1.5 - ¥
1.5 1 2 -
o g 1.0 !
5 + Z
- =
T 1.0 =
a E 0.5 4 %
= 05 * [a)
1N il |
0.0 4 r . r 0.0 4 T r T
Control Week4 Week6 Week3 Control Week4 Week6 Week3

Figure 2. The %ID (left) and %ID/cin(right) uptake values dPmTc-3RRGD; in the lungs obtained frorBPECT/CTquantificationin
athymic nude mice (n = 8) at week 4, 6 and 8 aftertaih injection of 1.0 x 1'OMDA-MB-231 cellsNormal animals (n = 4) were used
in the control group A p < 0.05, significantly different from tleentrol group;*: p> 0.05, no significant difference from the control group.
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%ID in lung
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20%ID/cm®

0%ID/cm’®
T

Figure 3. Top: The 3D SECT/CT imags for athymic nude mice after the taiin injection of 2 x 19(A: n = 4 at week 8), 1 x 19(B:
n =8 atweek 8) and 1.5 x 2QC: n =4 at week 7) MDAMB-231 breast cancer cellsliddle : The%ID ©) and %ID/cri(E) tumor uptake
values oP9"Tc-3RRGD: in the lungs obtained frorSPECT/CTquantificationA p < 0.01, significantly different from the group admi
istered with 2 x 16 cells.Bottom : Representative H&E stained slia#dung tissues from animals injected with 2 % {&: magnification
=200%), 1 x 10 (G: magnification = 200rand 1.5 x 18(H: magnification = 15xcells Arrows indicate the presence of metastatic breast

tumors.

Breast Cancer Metastasis in Muscle and Bone.
It is well -accepted that tail-vein injection of breast
cancer cells leads to metastasis in lungs while h-
tra-cardiac (left ventricle) injection of breast cancer
cells often result in formation of metastases in the
bone, brain and liver [1, 2, 37]. However, we found
that the tail -vein injection of MDA -MB-231 cells could

also result in breast cancer metastases in the muscle.

Figure 4A illustrates the 3D views of SPECT/CT im-
ages of anathymic nude mouse at week 4, 6 and 12
after tail-vein injection of MDA -MB-231 cells. These
images were obtained to show the progression of

metastatic tumors over 12 weeks. Figure 4B exhibits
the coronal and sagittal views of the SPECT/CT im-
ages obtained at week 12 to illustrate the relative lo-
cation and characteristics of five different breast tu-
mors (designated as #1 8 #5). As expected, no meta-
static breast cancer lesions were detectable at week 4.
By week 6, there were several small metastatic breast
tumors in the neck (#1), shoulder (#2), underarm (#3),
back (#4) and hindlimb (#5). Since they were not seen
in the SPECT/CT images of the same animal at week
4, we believe that they ar
A3 binding of 99mTc-3P-RGD.. At week 12, the small
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breast cancer metastasesbecame sizeable solid t-
mors. It was surprising that no breast cancer lesions
were detectable by u-SFECT-Il/ CT in the lungs. The
radioactivity accumulation in tumors #1 and #2 was
relatively homogeneous (Figure 4B: coronal). The
distribution of 9mTc-3P-RGD; in tumor #3 was do-
nut-shaped (not shell-shaped) with a large necrotic
core (Figure 3B: sagittal). Tumor #4 is the largest (~1.2
g) among 5 metastatic breast tumors in this animal,
but it had the least uptake of 9°mTc-3P-RGD- with the
radioactivity accumulating only in a small portion of
its outside edge (Figure 4B: sagittal) due to extensive
necrosis. The metastatic lesion #5 was clearly seen in
the muscle of left hindlimb (Figure 4 B: sagittal). The
volume of necrotic tissue was calculated by subtrad-
ing the volume of viable tumor (determined by
SPECT) from the total tumor volume (measured by
CT). The percentage of tumor necrosis was estimated
to be 44, 40, 55 and 94 for tumors #1, #2, #3 and #4,
respectively. The majority of tumor #4 was necrotic
with little radioactivity accumulation.  Their maxi-
mum tumor/necrosis (T/N) ratios were calculated to
be 5.8, 6.3, 4.0 and 1.15, respectivelyBecause of the
heterogeneity of tumor necrosis, these values should
be used with caution.

Figure 5 shows histological and immunohist o-
chemical data for the selected metastatic breast tumor
tissues. Tumors #1 and #2 were small (<0.4 cnB) with
~40% necrosis (Figure R\). As a result, the integrin
avbs expression was relatively homogeneous in the
tumor tissue (Figure 5B). The ratio of the integrin aybs
expression in the viable tissue to that in the necrotic
region was ~6:1, which is close to that obtained from
SPECT/CT (Figure 4). Tumor #3 had more necrosis
(~55%), and integrin aybs was expressed only on the
outside edge of tumor tissue (Figure 5C). The integrin
avbs level in the viable region (Figure 5D) was similar
to that in tumors #1 and #2 (Figure 4B). Likewise, the
vasculature, as stained in CD31 (green), was rich in
the viable region, which was similar to small tumors
(Figure 5: B vs. D). Tumor #4 was also highly necrotic
with little viable tumor tissue (Figure 5 E). Immun o-
histochemical data also indicated that there was no
CD31 and aybs expression in the necrotic regions
(Figure 5F), which is completely consistent with the
low uptake of 99mTc-3P-RGD; in tumor #4 (Figure 5 B).
Tumor #5 was in the muscle (Figure 5G) instead of
bone. The breast tumor cells have already penetrated
into the joint-bone and caused significant
bone-resorption (Figure 5H).

Discussion
In this study, we found that u -SPECTII/CT is a

very useful tool to study the progression of breast
cancer lung metastases The resolution of
u-SPECTFII/CT (< 0.5 mm) is higher than that o b-
tained with bioluminescence and fluores cence [46].
We also found that 9mTc-3P-RGD, SPECT/CT has the
capability to quantify or semi -quantify the metastatic
breast tumor load in the lungs (Figures 2 and 3),
which is consistent with the results obtained from the
glioma-bearing animal model [36]. These findings
may have several important implications in both
clinical practice and basic cancer research using small
animal models. For example, 9mTc-3P-RGD:
SPECT/CT could be used as a screening tool to select
appropriate cancer patients who would ben efit most
from anti -A,as therapy. If the tumor in a patient has a
high integrin A,&s expression anti-A, s therapy would
more likely be effective. If the tumor has little integrin
A a3 expression, anti-A,a3 therapy would not be effe c-
tive regardless of the amount of anti-A,&3 drug ad-
ministered into patients. Another potential applic a-
tion is the utility of 9mTc-3P-RGD,; SPECT/CT for
monitoring antiangiogenic therapy in small animal
lung metastasis models by determining the tumor
burden in lungs during and aft er treatment. If antian-
giogenic therapy is effective, there would be a signif-
icantly reduced tumor burden in the lungs. As a r e-
sult, the lung uptake of 9mTc-3P-RGD, would be
lower than that under the baseline conditions before
therapy. If the antiangiogenic therapy is not effective,
the tumor burden would be increased in the lungs. In
this situation, the lung uptake of 9mTc-3P-RGD;
would be higher than that before therapy.

Two important factors (the inoculation time and
the total number of breast tumor cells) have signifi-
cant influence on the extent of metastasis in athymic
nude mice. In general, more tumor cells injected into
each animal will lead to the faster formation of more
breast cancer lung metastaseslf the animal is injected
with 2 x 105 MDA -MB-231 cells, there are no deted-
ble metastatic breast tumors in the lungs even 8 weeks
after cell inoculation (Figure 3 A) with the radioacti v-
ity accumulation comparable to that in the normal
animals (Figure 3: D and E). When the animal is in-
jected with 1 x 106 MDA -MB-231 cells,there are many
metastatic breast tumor lesions at week 8 (Figure 3B)
and the lung uptake of 99mTc-3P-RGD, was signifi-
cantly increased (Figure 3:D and E). If each animal is
injected with 1.5 x 106 MDA -MB-231 cells, the animal
becomes very weak by week 7 due to the reduced
lung function caused by massive lung metastasis
(Figure 3: C and H). As a result, the tumor load in the
lungs was highest among three groups (Figure 3: D
and E).
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Week 12

20%ID/cm*®

0%ID/cm®

20%ID/cm®

0%ID/cm®
Tumor #1 #2 #3 #4
T/N Ratio* 5.8 6.3 4.0 1.15
% Necrosis** 44 40 54 93

Figure 4. A: The 3Dviewsof SEECT/CT images of an athymic nude mouse obtained at week 4, 6 and 12 afteeiaiinjection of 1.0 x

10s MDA-MB-231 cellsB: Coronal and sagittaliewsof SEECT/ICT imags obtained at week 12 after tumor cell inoculatinillustrate

the location of metastatic breast tumors in the neck (#1), back (#2 and #4), underarm (#3) and thighT#8 tumor/necrosis ratio was
calculated by circling an area (~0.0Bpof necrotic region with the lowest radioactivity accumulat@and an equally sized area of viable
tumor with high radioactivity accumulatioi:The percentage of tumor necrosis was estimated on the basis of total tumor volume
determined by CT and the volume of viable tumor measured by SPECT.

http://wwwthno.org



Theranosti&012, 2(6) 58t

Figure 5: A: SelectedH&E staining data representitite metastatic breast tumors (#1 and #2) with ~40% necroBisRepresentative
overlay image of tumor slicgtained with antintegrinbs (red color) or anttCD31 (green color) antibodyyellow color (red integrirbs
staining merged with green CD31 staining) indicates the presence of integion tumor neovasculatureC: Selected H&E staining data
for tumor #3 (only half of the whole tumor tissuelp: The overlay image of tumor slice in the viable regstained vith antiintegrinbs
(red) or anttCD31 (green) antibodye: H&E staining datfmr tumor #4 with extensive necrosis and little viable tumor tissue on the upper
right edge.F: The overlay image of tumor slice in the necrotic tumor tisstained with antintegrinbs (red) or anttCD31 (green)
antibody G: SelectedH&E staining data for tumor #5 in the left limd: Expanded region between two jolones.The tumor cells have
penetrated into the joirtbone, but the tumor tissue remains largely in the musattead of inside the bone

It is important to note that the lack of metastatic mental models of metastasis, it is hot uncommon to
lung lesions in the SPECT/CT images does not nec-  find that there are no visible metastases in the lungs,
essarily al ways me am exp@rir 0 buin bigtotogidaladata seveals micrometastases cm-
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