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Abstract
Metastatic breast cancer is incurable. The goal of this study was to develop a positron emission
tomography (PET)/near-infrared fluorescent (NIRF) probe for imaging of CD105 expression in
breast cancer experimental lung metastasis. TRC105, a chimeric anti-CD105 antibody, was dual-
labeled with a NIRF dye (IRDye 800CW) and 89Zr to yield 89Zr-Df-TRC105-800CW. Luciferase-
transfected 4T1 murine breast cancer cells were injected intravenously into female mice to
establish the tumor model. Bioluminescence imaging (BLI) was carried out to non-invasively
monitor the lung tumor burden. PET imaging revealed that 4T1 lung tumor uptake of 89Zr-Df-
TRC105-800CW was 8.7±1.4, 10.9±0.5, and 9.7±1.1 %ID/g at 4, 24, and 48 h post-injection (n =
4), with excellent tumor contrast. Biodistribution studies, blocking, control studies with 89Zr-Df-
cetuximab-800CW, ex vivo BLI/PET/NIRF imaging, and histology all confirmed CD105
specificity of the tracer. Broad clinical potential of TRC105-based agents was shown in many
tumor types, which also enabled early detection of small metastasis and intraoperative guidance
for tumor removal.
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INTRODUCTION
Metastases are the cause of 90% of human cancer deaths.1 With 230,480 estimated new
cases in 2011, breast cancer is the most common malignant disease for women in the United
States.2 Breast cancer patients frequently develop metastases, preferentially to the lung,
liver, and bones.3 The development and clinical translation of novel molecular imaging
agents can significantly improve the management of metastatic breast cancer patients
through early (metastatic) lesion detection, patient selection/stratification for molecularly-
targeted therapies, surgical guidance during tumor resection, treatment monitoring, as well
as facilitating new anti-cancer drug development.

One of the core hallmarks of cancer is angiogenesis.4 It is now generally recognized that
angiogenesis is important not only during the rapidly growing macroscopic stage, but also in
the microscopic premalignant phase of neoplastic progression and metastasis. Transforming
growth factor β (TGF-β) is closely associated with the metastasis of breast cancer cells to the
lung.5, 6 Furthermore, new data continue to emerge on the functional role of CD105 (also
called endoglin) within the TGF-β signaling pathway, such as its modulation of cellular
responses to TGF-β and its involvement in vascular physiology and angiogenesis.7 Almost
exclusively expressed on proliferating tumor endothelial cells, CD105 is an ideal marker for
tumor angiogenesis.7–9 Clinically, CD105 expression correlates with poor prognosis in more
than 10 solid tumor types, including breast cancer.10 Similarly, our pilot studies revealed
high CD105-mediated uptake of radiolabeled TRC105 (an anti-CD105 antibody as
described below) in various xenograft tumor models such as triple-negative breast cancer,
pancreatic cancer, prostate cancer, and brain tumor (Supplementary Figure 1), which
demonstrated broad potential for future application of CD105-targeted agents in cancer
imaging and therapy, since all solid tumors depend on angiogenesis and CD105 is
overexpressed in most of these tumor types.4, 10 Therefore, CD105 holds tremendous
clinical potential as a prognostic, diagnostic, and therapeutic vascular target in metastatic
(breast) cancer.

TRC105 is a human/murine chimeric IgG1 monoclonal antibody (mAb) which binds to both
human and murine CD105 and has a very high avidity (with a KD of 2 ng/mL) for human
CD105.8 A multicenter Phase 1 first-in-human dose-escalation trial was recently completed
in the United States and Phase 2 therapy trials are underway in patients with advanced or
metastatic ovarian, prostate, bladder, and hepatocellular cancer.11 These promising clinical
data warrant the development of TRC105-based imaging agents, which can play important
roles in multiple facets of cancer patient management.

Positron emission tomography (PET) imaging has been widely used in clinical oncology for
tumor staging and for monitoring therapeutic efficacy.12–16 High resolution PET scanners
continue to be developed and made available for imaging small animals, improving the
capacity for in vivo studies in mice, primates, and humans. This will facilitate cross-species
comparisons, which are critical for successful clinical translation and optimal benefit from
research using experimental model systems.17, 18 Recently, mAbs labeled with 89Zr (a
positron emitter with a decay half-life of 3.3 days) have gained significant interest, both in
preclinical research and in the clinical setting.19–21

Optical imaging can complement PET, for example, as an aid to tumor resection.22–24 For in
vivo applications, imaging in the near-infrared (NIR, 700 – 900 nm) region is optimal, since
the absorbance spectra for all biomolecules reach minima thus providing a clear optical
window for small animal studies and various clinical scenarios (e.g. breast imaging,
endoscopy, surgical guidance, etc.).25–27 In addition to better tissue penetration of light,
there is also significantly less tissue autofluorescence in the NIR window. PET/optical
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imaging, using a single contrast agent, can provide complementary information that neither
modality alone can offer.24, 28–30 One clinical scenario where such a dual-labeled imaging
agent is particularly useful is through the use of initial whole-body PET scan to identify the
location of tumor(s), and NIR fluorescence (NIRF) imaging subsequently to guide tumor
resection.

In this study, we labeled TRC105 with both 89Zr (via a bifunctional chelator p-
isothiocyanatobenzyl-desferrioxamine B [Df-Bz-NCS]) and an NIRF dye (IRDye 800CW
which has an emission maximum of 806 nm, Figure 1) for dual-modality PET/NIRF
imaging of CD105 expression in a breast cancer experimental lung metastasis model.
Cetuximab, an isotype matched control mAb which binds to human epidermal growth factor
receptor (EGFR) with no cross-reaction to murine tissue,31 was used as a control. To non-
invasively monitor the tumor growth in the murine lung, 4T1 murine breast cancer cells
were stably transfected with firefly luciferase (denoted as fLuc-4T1) to enable serial
bioluminescence imaging (BLI).32

EXPERIMENTAL SECTION
Chemicals and Reagents

TRC105 was provided by TRACON pharmaceuticals Inc. (San Diego, CA) and cetuximab
was from Bristol-Myers Squibb Company (Princeton, NJ). AlexaFluor488- and Cy3-labeled
secondary antibodies were purchased from Jackson Immunoresearch Laboratories, Inc.
(West Grove, CA). Df-Bz-NCS (Macrocyclics, Inc., Dallas, TX), Chelex 100 resin (50–100
mesh, Sigma-Aldrich, St. Louis, MO), IRDye 800CW-NHS ester (LI-COR Biosciences Co.,
Lincoln, NE), D-Luciferin (Gold BioTechnology, St Louis, MO), and PD-10 desalting
columns (GE Healthcare, Piscataway, NJ) were all acquired from commercial sources.
Water and all buffers were of Millipore grade and pre-treated with the Chelex 100 resin to
ensure that the aqueous solution was heavy metal-free. All other reaction buffers and
chemicals were purchased from Thermo Fisher Scientific (Fair Lawn, NJ).

Cell Culture and Animal Model
4T1, MCF-7, and human umbilical vein endothelial cells (HUVECs) were purchased from
American Type Culture Collection (ATCC, Manassas, VA). Details for stable transfection
of 4T1 cells with firefly luciferase has been described previously.32 fLuc-4T1 and MCF-7
cells were maintained in RPMI 1640 medium (Invitrogen, Carlsbad, CA) supplemented with
10% fetal bovine serum at 37°C with 5% CO2. HUVECs were cultured in M-200 medium
(Invitrogen, Carlsbad, CA) with 1× low serum growth supplement (Cascade Biologics,
Portland, OR) at 37 °C with 5% CO2. Cells were used when they reached ~75% confluence.

All animal procedures were performed according to a protocol approved by University of
Wisconsin - Madison Institutional Animal Care and Use Committee. The fLuc-4T1 breast
cancer experimental lung metastasis model was established by intravenous (i.v.) injection of
2 × 105 fLuc-4T1 cells in 100 µL of PBS into 6-week-old female BALB/C mice (Harlan).
BLI signal of the mice was monitored regularly using an IVIS Spectrum system (Caliper
Life Sciences). Mice were used for PET/NIRF imaging studies when the BLI signals from
the thoracic area of mice were substantially strong (typically 3 weeks after inoculation).

MAb-Conjugation and 89Zr-Labeling
89Zr-oxalate was produced using a cyclotron according to the literature procedure with
minor modifications.33, 34 Detailed procedures for Df/800CW conjugation to mAbs and
subsequent 89Zr-labeling were similarly to those reported previously.35, 36 In brief, TRC105
or cetuximab was mixed with Df-Bz-NCS at pH 9.0 at a molar ratio of 1:3 (Figure 1). The
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resulting Df-TRC105 and Df-cetuximab were purified with size exclusion chromatography.
Afterwards, Df-TRC105 or Df-cetuximab was reacted with 800CW-NHS ester at pH 8.5
with a molar ratio of 1:2. The resulting Df-TRC105-800CW and Df-cetuximab-800CW
were purified using PD-10 columns.

For 89Zr-labeling, 74–148 MBq of 89Zr-oxalate was neutralized with a 2 M Na2CO3
solution and added to a solution of Df-TRC105-800CW or Df-cetuximab-800CW, where
0.25 mg of mAb conjugate was used per 37 MBq of 89Zr. The total reaction volume was
adjusted to 2 mL with 0.5 M HEPES buffer (pH 7.1–7.3), and the reaction mixture (pH 6.8–
7.2) was incubated for 1 h at room temperature (RT) with constant shaking. 89Zr-Df-
TRC105-800CW and 89Zr-Df-cetuximab-800CW were purified using PD-10 columns, and
the radioactive fractions containing 89Zr-Df-TRC105-800CW or 89Zr-Df-cetuximab-800CW
were collected and passed through a 0.2 µm syringe filter for in vivo experiments.

Flow Cytometry
The immunoreactivity of TRC105 and Df-TRC105-800CW to HUVECs (high CD105
expression) and MCF-7 (CD105-negative) cells was evaluated by fluorescence-activated cell
sorting (FACS) analysis. Cells were harvested and suspended in cold PBS with 2% bovine
serum albumin at a concentration of 5 × 106 cells/mL. After incubation with TRC105 or Df-
TRC105-800CW (1, 5, or 10 µg/mL) for 30 min at RT and washed three times with cold
PBS, the cells were incubated with AlexaFluor488-labeled goat anti-human IgG for 30 min
at RT. Afterwards, the cells were washed and analyzed by FACS using a BD FACSCalibur
4-color analysis cytometer, which is equipped with 488 nm and 633 nm lasers (Becton-
Dickinson, San Jose, CA) and FlowJo analysis software (Tree Star, Inc., Ashland, OR).

Imaging and Biodistribution Studies
PET and PET/CT scans at various time points post-injection (p.i.), image reconstruction, and
region-of-interest (ROI) analysis were performed using a microPET/microCT Inveon rodent
model scanner (Siemens Medical Solutions USA, Inc.) as detailed previously.34 Each
fLuc-4T1 tumor-bearing mouse was injected with 5–10 MBq of the PET tracer (which
contained 300 picomole of conjugated 800CW dye) via tail vein and 3–15 min static PET
scans were performed. Quantitative data were presented as percentage of injected dose per
gram of tissue (%ID/g; mean ± SD). A cohort of four fLuc-4T1 tumor-bearing mice was
each injected with 2 mg of unlabeled TRC105 at 2 h earlier than 89Zr-Df-TRC105-800CW
administration to evaluate the CD105 specificity of 89Zr-Df-TRC105-800CW in vivo (i.e.
blocking experiment). NIRF imaging was performed with a Pearl Impulse scanner (LI-COR,
Inc., Lincoln, NE) using the 800 nm/white channels, while BLI was carried out in the IVIS
Spectrum system after intraperitoneal (i.p.) injection of D-luciferin (150 mg/kg mouse body
weight). Biodistribution studies were carried out after the last PET scans to validate the PET
results. The fLuc-4T1 tumor, liver, spleen, and kidneys (i.e. tissues with significant uptake
of 89Zr-Df-TRC105-800CW) were also frozen for histological analysis.

Histology
Frozen tissue slices of 5 µm thickness were fixed with cold acetone for 10 min and dried in
the air for 30 min. After rinsing with PBS and blocking with 10% donkey serum for 30 min
at RT, the slices were incubated with TRC105 (2 µg/mL) for 1 h at 4 °C and visualized
using AlexaFluor488-labeled goat anti-human IgG. Tissue slices were also stained for
endothelial marker CD31 as described previously.37, 38 After washing with PBS, the slices
were incubated with rat anti-mouse CD31 antibody (2 µg/mL) for 1 h, followed by Cy3-
labeled donkey anti-rat IgG for 30 min. All images were acquired with a Nikon Eclipse Ti
microscope, under the same condition, and displayed at the same scale. Magnification:
200×.
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Radiation Dosimetry Extrapolation to Human
Estimated human dosimetry was calculated from serial PET imaging results on BALB/c
female mice injected with 89Zr-Df-TRC105-800CW. ROI analysis was carried out on major
organs and time-activity curves were generated from the mean values obtained in mice for
each organ of interest. Source organ residence times were then calculated for the human
model by integrating a mono-exponential fit to the experimental biodistribution data for
major organs (e.g. heart, lung, liver, and kidneys) and the whole body. The source organ
residence times obtained forthwith were used with a standard quantitation platform Organ
Level Internal Dose Assessment.39

Statistical Analysis
Quantitative data were expressed as mean ± SD. Means were compared using Student’s t-
test. P values < 0.05 were considered statistically significant.

RESULTS
Synthesis and Characterization of the PET/NIRF Probe

On average there is about 1 Df and 0.9 800CW per TRC105 or cetuximab molecule based
on UV measurement, which not only minimized potential interference with their biological
function but also avoided self-quenching of 800CW, which would occur through
fluorescence resonance energy transfer if more than one 800CW molecules are conjugated
to the same mAb. Conjugation of both Df and 800CW to TRC105 did not alter the CD105
binding affinity, as evidenced by flow cytometry analysis (Figure 2A). In HUVECs which
express a high level of CD105 (> 106 per cell),40, 41 there was no observable difference
between TRC105 and Df-TRC105-800CW at two non-antigen-saturating concentrations of 1
µg/mL or 5 µg/mL. The binding to HUVECs was CD105-specific, as neither TRC105 nor
Df-TRC105-800CW bound to CD105-negative MCF-7 human breast cancer cells,41 even at
a much higher concentration of 10 µg/mL.

89Zr-labeling including final purification using PD-10 columns took 100 ± 10 min (n = 10).
The decay-corrected radiochemical yield was 55 ± 14 %, based on 0.25 mg of protein (Df-
TRC105-800CW or Df-cetuximab-800CW) per 37 MBq of 89Zr, with specific activity of
both 89Zr-Df-TRC105-800CW and 89Zr-Df-cetuximab-800CW being about 80 MBq/mg
protein (i.e. 12 GBq/µmol). There was no observable difference between TRC105 and
cetuximab during Df/800CW conjugation or 89Zr-labeling.

BLI to Monitor Lung Metastasis
Stable transfection of 4T1 murine breast cancer cells with firefly luciferase did not cause
any observable changes in cell proliferation, tumorigenicity, or migration.32 About one week
after i.v. injection, BLI signal of the fLuc-4T1 cells in mouse lung was readily detected after
i.p. injection of D-luciferin (Figure 2B&C). At around three weeks after tumor inoculation,
when the BLI signal was sufficiently strong but before mice showed observable symptoms
(e.g. body weight loss, difficulty in breathing, etc.), mice bearing fLuc-4T1 lung metastasis
tumors were used for subsequent PET/NIRF imaging studies. The use of BLI enabled
convenient and non-invasive monitoring of the tumor burden in the mice lungs, which
ensured that only mice with appropriate tumor burden were used for dual-modality PET/
NIRF imaging of tumor angiogenesis, since small microscopic tumors may not have
sufficient angiogenic activity for imaging applications.
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In Vivo Imaging and Quantitative Data Analysis
The time points of 4, 24, and 48 h p.i. were chosen for serial PET scans after i.v. tracer
injection, where the first time point was during initial tumor accumulation phase and tumor
uptake at the other two time points were in a plateau. Coronal slices that contain the
fLuc-4T1 lung metastasis tumors are shown in Figure 3A and representative PET/CT fused
images at 48 h p.i. are shown in Figure 3B&C. At the early time point of 4 h p.i.,
radioactivity in the blood was prominent. Significant uptake of 89Zr-Df-TRC105-800CW in
the lung metastasis tumors was observed at 24 h p.i. with PET, which became more clearly
delineated at 48 h p.i. with multiple tumor nodules visible in the lung. Tumor nodules in the
mice lung were confirmed with PET/CT fused images (Figure 3B&C).

Tracer uptake in the fLuc-4T1 lung metastasis tumors was much lower in both control
groups, where mice were injected with 89Zr-Df-cetuximab-800CW or injected with a
blocking dose (2 mg) of TRC105 several hours before 89Zr-Df-TRC105-800CW
administration (Figure 3A&B), which strongly suggested CD105 specificity of 89Zr-Df-
TRC105-800CW in vivo. Since cetuximab does not cross-react with murine tissues, 89Zr-
Df-cetuximab-800CW served as an excellent isotype-matched control for investigating
tracer uptake in the fLuc-4T1 lung metastasis tumor solely based on the enhanced
permeability and retention effect. There was also significant tracer uptake in the liver, which
is mainly due to hepatic clearance similar to other radiolabeled antibodies.34, 42–44 Since the
lung metastasis tumors are deep in the mouse body, in vivo NIRF imaging was not able to
delineate the tumor non-invasively, due to limited tissue penetration of light even in the NIR
window. Thus, ex vivo NIRF imaging was performed to validate the PET results, as
described later in the text.

Quantitative data obtained from ROI analysis of the PET data are shown in Figure 4.
For 89Zr-Df-TRC105-800CW, blood pool activity was prominent at early time points, due to
long circulation half-life of TRC105, which gradually declined over time (14.7 ± 1.5, 7.9 ±
0.6, and 7.4 ± 1.1 %ID/g at 4, 24, and 48 h p.i. respectively; n = 4; Figure 4A). Liver uptake
was 18.3 ± 1.7, 16.8 ± 2.2, and 16.2 ± 2.2 %ID/g at 4, 24, and 48 h p.i. respectively (n = 4).
Importantly, uptake of 89Zr-Df-TRC105-800CW in the fLuc-4T1 lung metastasis tumors
was prominent even at early time points, which remained stable over time (8.7 ± 1.4, 10.9 ±
0.5, and 9.7 ± 1.1 %ID/g at 4, 24, and 48 h p.i. respectively; n = 4).

Administration of a blocking dose of TRC105 before 89Zr-Df-TRC105-800CW injection
significantly reduced tracer uptake in the fLuc-4T1 tumor (4.2 ± 0.4, 4.9 ± 0.5, and 4.9 ± 0.3
%ID/g at 4, 24, and 48 h p.i. respectively; n = 4; P < 0.01 at all three time points when
compared with mice injected with 89Zr-Df-TRC105-800CW alone; Figure 4B&D). Tracer
uptake in the normal organs was not substantially different after blocking, including the liver
(19.5 ± 2.7, 17.8 ± 1.2, and 17.5 ± 0.7 %ID/g at 4, 24, and 48 h p.i. respectively; n = 4).
These findings suggested that pre-injection of TRC105 saturated available CD105 in the
mice (mostly in the fLuc-4T1 lung metastasis tumors but not expressed at a high level in
normal organs), which resulted in significantly reduced tumor uptake and confirmed CD105
specificity of the tracer in vivo.

Based on the enhanced permeability and retention effect only, 89Zr-Df-cetuximab-800CW
had significantly lower uptake in the fLuc-4T1 lung metastasis tumors (4.3 ± 0.6, 4.2 ± 0.3,
and 4.9 ± 0.3 %ID/g at 4, 24, and 48 h p.i. respectively; n = 4; P < 0.01; Figure 4C&D)
than 89Zr-Df-TRC105-800CW at all three time points, which further confirmed CD105
specificity of 89Zr-Df-TRC105-800CW in the metastatic lesions in vivo.
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Ex Vivo Imaging and Biodistribution Studies
After the last PET scans at 48 h p.i., mice were euthanized and major organs were subjected
for ex vivo BLI/NIRF/PET imaging (Figure 5A). BLI clearly delineated multiple fLuc-4T1
tumor nodules (about 1 mm in diameter) in the mice lung, which confirmed stable
expression of firefly luciferase in the fLuc-4T1 cells and corroborated the in vivo BLI
findings. Both ex vivo NIRF and PET imaging findings correlated very well with the in vivo
data, in which the fLuc-4T1 lung metastasis tumor uptake of 89Zr-Df-TRC105-800CW was
higher than most major organs except the liver. Similar tracer uptake in normal organs was
observed for all three groups. However, tumor uptake of 89Zr-Df-cetuximab-800CW
and 89Zr-Df-TRC105-800CW of the “blocking” group was significantly lower than that
of 89Zr-Df-TRC105-800CW. Of note, PET images represent thin slices of the tissue, while
the BLI and NIRF images are both planar projection images. Heterogeneity of the tracer/
tumor distribution in the murine lung precludes “perfect match” of images acquired using
different modalities. Taken together, ex vivo imaging findings confirmed the in vivo data
and further validated CD105 specificity of 89Zr-Df-TRC105-800CW in vivo.

Biodistribution studies after ex vivo BLI/NIRF/PET imaging was also in good agreement
with the in vivo PET results, where the fLuc-4T1 lung metastasis tumors had higher uptake
of 89Zr-Df-TRC105-800CW than all major organs except the liver (the major organ for
clearance of radiolabeled mAbs) (Figure 5B). Spleen and kidneys also had significant uptake
of 89Zr-Df-TRC105-800CW at 48 h p.i., however the absolute uptake level was significantly
lower than that in the fLuc-4T1 lung metastasis tumors. On average the weight difference
between the fLuc-4T1 tumor-bearing lung and normal lung was about 0.1g, which correlates
to a total tumor volume of ~100 mm3. The ratio of 89Zr-Df-TRC105-800CW uptake in the
fLuc-4T1 tumor-bearing lung and normal lung was about 3.5:1 based on biodistribution
studies at 48 h p.i.

A comparison of the biodistribution data between 89Zr-Df-TRC105-800CW and 89Zr-Df-
cetuximab-800CW at 48 h p.i. revealed that the uptake of 89Zr-Df-cetuximab-800CW was
similar to 89Zr-Df-TRC105-800CW in most organs except the fLuc-4T1 tumor-bearing lung
(Figure 5B). When comparing 89Zr-Df-TRC105-800CW and the “blocking” group, a similar
trend was also observed: comparable tracer uptake in most normal tissues but significantly
lower uptake in the fLuc-4T1 tumor-bearing lung in the “blocking” group (Figure 5C).
Statistical significance was achieved for the fLuc-4T1 tumor-bearing lung for bother
comparisons, (P < 0.01; n = 4), corroborating the PET findings. At 48 h p.i., excellent image
contrast with a tumor/muscle ratio of 11.9 ± 1.3 (n = 4) was achieved for 89Zr-Df-
TRC105-800CW. Overall, the quantification results obtained from biodistribution studies
and PET scans matched very well, confirming that quantitative ROI analysis of non-invasive
PET scans truly reflected tracer distribution in vivo.

Histology and Radiation Dosimetry
Immunofluorescence CD105/CD31 co-staining of various tissues revealed that CD105
expression in the fLuc-4T1 lung metastasis tumors was primarily on the tumor vasculature,
as evidenced by excellent co-localization of CD105 and CD31 staining (Figure 6), and
CD105 expression in the fLuc-4T1 tumor-bearing lung was much higher than that in the
normal lung. Mouse liver and spleen both exhibited very low level of CD105 staining,
indicating that these tissues do not have significant level of CD105 expression. Therefore,
uptake of 89Zr-Df-TRC105-800CW in the liver/spleen was largely unrelated to CD105
binding, but more related to non-specific capture by the reticuloendothelial system and
hepatic clearance of the tracer. Uptake of 89Zr-Df-TRC105-800CW was noted in the
kidneys, which reflected CD105 expression (mostly in the renal medulla). However, since
mAbs do not undergo renal clearance and the superb stability of 89Zr-Df complex prevents
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significant amount of 89Zr-containing low-molecular weight species,34, 43 the absolute
uptake of 89Zr-Df-TRC105-800CW in the kidney was quite low (~5%ID/g).

Human absorbed doses to normal organs from 89Zr-Df-TRC105-800CW were estimated
from serial PET imaging data in BALB/c mice and presented in Table 1. Besides the blood,
liver, and lungs, most organs exhibited low level of tracer uptake at all time points
examined. There was no significant kidney uptake or renal excretion of the tracer due to its
high molecular weight (~150 kDa). These results predicted that the highest radiation-
absorbed doses will be to the heart wall (0.83 ± 0.09 mSv/MBq) and liver (0.44 ± 0.04 mSv/
MBq). The whole-body absorbed dose was found to be 0.042 ± 0.003 mSv/MBq. Although
the radiation doses to the heart, liver, and lungs are higher than other radiolabeled mAbs
reported in the literature,37, 45, 46 the doses to other major organs (e.g. kidneys, spleen, etc.)
are much lower.

DISCUSSION
The major goal of this study was to develop a CD105-specific agent for both PET and NIRF
imaging of breast cancer lung metastasis. Since the currently accepted standard method for
quantifying tumor angiogenesis is CD105-positive microvessel density (MVD; an
independent prognostic factor in multiple solid tumor types7, 8) through histologic analysis
of biopsied/resected tumor tissue, non-invasive whole body measurement of CD105-positive
MVD with PET has tremendous clinical potential in early tumor detection, anti-angiogenic
drug development, patient stratification, and ultimately in the day-to-day management of
cancer patients. Dual-modality PET/NIRF imaging of tumor angiogenesis with a single
agent can not only provide complementary information through the two imaging techniques,
but also have potential applications in many clinical scenarios including early detection of
small metastatic lesions and imaged-guided surgery in breast cancer.

We have achieved our goal in this study. Various in vitro, in vivo, and ex vivo experiments
confirmed that 89Zr-Df-TRC105-800CW is CD105 specific, with no observable
deterioration in affinity or specificity. The possibility of Df or 800CW conjugation (on
average about 1 of each was attached to each TRC105 molecule) at the lysine residue
involved in CD105 binding was extremely low, since there is only one lysine residue in each
of the CD105-binding regions of TRC105 (which has a total of ~1400 amino acid residues).8

The tumor nodules in the fLuc-4T1 lung are generally 1–2 mm in diameter, indicating
that 89Zr-Df-TRC105-800CW can be used for early detection of small metastatic lesions. Of
note, the imaging target (i.e. CD105) is overexpressed during tumor angiogenesis which
does not become significant until tumors are about 1 mm in diameter. Furthermore,
detection of lesions smaller than 1 mm is more limited by the spatial resolution of the PET
scanners available (~1.5 mm for small animal PET and ~4 mm for clinical PET), rather than
the imaging agent itself.

Due to limited tissue penetration of fluorescence signal and deep tissue nature of the
fLuc-4T1 lung metastasis tumors, in vivo NIRF imaging did not clearly delineate tumors in
the lung. Ex vivo NIRF imaging was therefore performed to validate PET imaging findings.
Although NIRF imaging is not as quantitative as PET (or biodistribution) studies, we did
analyze the linear correlation between the two imaging techniques. In this regard, a total of
24 data points (tumor and liver uptake for 3 groups of mice with 4 mice per group) were
used to evaluate the linear correlation between the fluorescence signal intensity (obtained
from ROI analysis of the ex vivo NIRF data) and the %ID/g values (obtained from ROI
analysis of the in vivo PET data). The rationale for only using the data for liver and the
fLuc-4T1 tumor was that these are the two tissues/organs with the highest tracer uptake,
therefore the quantification data for both PET and NIRF was more accurate than many of the
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other organs. A statistically significant (P = 0.0002) linear correlation was observed, with an
R value of 0.689. Hence, ex vivo NIRF imaging was able to provide semi-quantitative
information about tracer distribution, when tissue absorption and autofluorescence was
reduced to a minimum (e.g. ex vivo imaging of harvested organs).

With regard to image-guided surgery, the metastatic tumor nodules are in the murine lung
which is challenging to operate while keeping the mice alive. Therefore, comprehensive ex
vivo imaging studies were performed to examine/mimic this aspect. In addition, we have
investigated tumor removal with surgical guidance in subcutaneous 4T1 tumor models to
further demonstrate the utility of this dual-modality agent, where NIRF imaging was
employed to confirm complete removal of the tumor (Figure 7). Since the BALB/c mice
used in this study has white hair which can affect NIRF imaging to a certain extent (e.g.
light absorption, scattering, etc.), we have also inoculated 4T1 tumor cells in nude mice and
performed image-guided surgery, which did give significantly “cleaner” images.

Mouse models of cancer have become indispensable in the discovery and assessment of new
imaging/therapeutic agents in biomedical research.47 After demonstrating the proof-of-
principle for non-invasive imaging of CD105 expression on the tumor vasculature in a
subcutaneous 4T1 tumor model,34, 36, 48 herein we investigated a dual-labeled agent for both
PET and NIRF imaging of CD105 in a breast cancer experimental lung metastasis model
that is more relevant to the biological processes occurring during tumor progression.
Metastasis is a malignant feature of cancer and a large body of research has revealed that
tumor metastasis is a complex and multi-step process.1, 3 For a tumor cell to metastasize, it
must detach from the primary lesion and invade the surrounding tissue, intravasate into the
circulatory system, avoid host immune defenses, arrest at a distant site, extravasate, and
proliferate. The experimental lung metastasis model used in this study can simulate some of
these processes. However, monitoring the tumor growth in experiment lung metastasis
model is difficult to achieve using traditional approaches, which usually requires large
numbers of animals to be sacrificed at multiple time points to overcome the variability
between animals. These facts underscore the importance of using imaging tools to non-
invasively monitor the tumor burden in vivo, such as longitudinal BLI as we employed in
this study.

When compared with other antibody-based PET tracers,37, 43, 46, 49 tumor uptake in this
study is relatively low (~10 %ID/g at the peak). This is partly due to the fact that 89Zr-Df-
TRC105-800CW targets only the tumor vasculature but not the fLuc-4T1 tumor cells. There
are significantly fewer tumor vascular endothelial cells than tumor cells, which are the
targets of most antibodies used for cancer imaging. In addition, the tumor nodules in the
lung (~1 mm in diameter) are much smaller than the subcutaneous tumors used in most
studies (> 5 mm in diameter). Therefore the angiogenic activity in the fLuc-4T1 lung
metastasis tumors is lower than subcutaneous 4T1 tumors that are growing exponentially.
Since the fLuc-4T1 tumor nodules are quite small, partial volume effect of the PET scanner
may cause underestimation of the tumor uptake. Biodistribution studies were carried out on
all mice to quantitatively measure tracer uptake in the lung metastasis tumors, which
correlated well with the PET data. Furthermore, tumor vasculature in the fLuc-4T1 model is
of murine origin, whereas TRC105 has lower affinity to murine CD105 than its human
homolog.50 Although the fLuc-4T1 lung metastasis model is not optimal for testing
TRC105, excellent tumor contrast and prominent tumor uptake was nonetheless achieved for
mm-sized lesions, suggesting that 89Zr-Df-TRC105-800CW may potentially be used for
early detection of small metastatic lesions in breast cancer patients, as well as providing
surgical guidance for tumor resection with the NIRF dye. It is possible that this tracer may
perform better in cancer patients (who express human CD105 in the tumor vasculature) than
in the murine model used here.
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89Zr-labeling of mAbs was usually achieved through various types of chelators, with Df
been the most widely used.35, 51 Recently, Df-Bz-NCS was reported as a new bifunctional
chelator for 89Zr labeling, which significantly simplified the radiochemistry from the initial
6-step strategy into a 2-step procedure.52 Df has been safely used in the clinic for many
years, with neither adverse reactions nor significant changes in blood and urine values
observed after injection of various Df-containing conjugates.20, 21 In addition, no antibody
responses directed against Df were observed, indicating its low immunogenicity.53

For future investigation, the following strategies may be adopted to better mimic the clinical
situation and further improve the tumor uptake/contrast: using a mAb that binds murine
CD105 with high affinity (with the caveat that the imaging agent is less amenable for
clinical translation), or carrying out studies in transgenic mice whose vasculature expresses
human CD105. Since the dosimetry of 89Zr-based tracers is relatively high, due to the
presence of high energy γ emission, other PET isotopes (e.g. 64Cu, 44Sc, 90Nb) should also
be investigated. In the recently completed Phase I trial, the terminal half-life of TRC105 was
found to be dependent on the injected dose.11 On an every 2 week schedule, the terminal
half-life of TRC105 in patients was 7.4, 10.8, and 42.8 h for 3, 10, and 15 mg/kg doses,
respectively. Therefore, for future clinical translation, 89Zr-labeling may be necessary for
patients injected with higher doses of TRC105 (> 10 mg/kg). Upon further development and
optimization, TRC105-based imaging agents will have broad clinical relevance/applications
in a variety of cancer types, since all solid tumors depend on angiogenesis.

CONCLUSION
Herein we report PET/NIRF imaging of CD105 expression using 89Zr-Df-TRC105-800CW,
in a mouse model of breast cancer experimental lung metastasis. Broad clinical potential of
TRC105-based imaging agents was shown in many solid tumor types, which also enabled
non-invasive detection of small metastatic tumor nodules and intraoperative guidance for
tumor removal.
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Figure 1.
Synthesis of 89Zr-Df-TRC105-800CW. 89Zr-Df-cetuximab-800CW was prepared in a
similar manner.

Hong et al. Page 14

Mol Pharm. Author manuscript; available in PMC 2014 January 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Characterization of Df-TRC105-800CW and the tumor model. A. Flow cytometry analysis
of TRC105 and Df-TRC105-800CW in HUVECs (CD105-positive) and MCF-7 human
breast cancer cells (CD105-negative) at different concentrations. Data from various control
experiments are also shown. B. Serial bioluminescence images of tumor-bearing mice after
intravenous injection of fLuc-4T1 cells. C. Total photon flux of the bioluminescence signal
from the lung (n = 8).
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Figure 3.
Serial in vivo PET/CT imaging of fLuc-4T1 tumor-bearing mice. A. Serial coronal PET
images at 4, 24, and 48 h post-injection of 89Zr-Df-TRC105-800CW, 89Zr-Df-
cetuximab-800CW, or 89Zr-Df-TRC105-800CW after a 2 mg dose of TRC105 (i.e.
blocking). B. Representative PET/CT images of fLuc-4T1 tumor-bearing mouse at 48 h
post-injection of 89Zr-Df-TRC105-800CW, 89Zr-Df-cetuximab-800CW, or 89Zr-Df-
TRC105-800CW after a 2mg dose of TRC105 (i.e. blocking). C. Representative CT images
of normal lung, fLuc-4T1 lung metastasis, and a PET/CT fused image at 48 h post-injection
of 89Zr-Df-TRC105-800CW. Arrowheads indicate the fLuc-4T1 tumors.
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Figure 4.
Quantitative analysis of the PET data. A. Time-activity curves of the liver, fLuc-4T1 tumor,
blood, and muscle upon intravenous injection of 89Zr-Df-TRC105-800CW. B. Time-activity
curves of the liver, fLuc-4T1 tumor, blood, and muscle upon intravenous injection of 89Zr-
Df-TRC105-800CW, after a blocking dose of TRC105. C. Time-activity curves of the liver,
fLuc-4T1 tumor, blood, and muscle upon intravenous injection of 89Zr-Df-
cetuximab-800CW. D. Comparison of the fLuc-4T1 tumor uptake in the three groups. n = 4;
**: P < 0.01.
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Figure 5.
Ex vivo imaging and biodistribution studies. A. Ex vivo bioluminescence imaging (BLI),
near-infrared fluorescence (NIRF), and positron emission tomography (PET) imaging of
major organs at 48 h post-injection of each tracer. Images are representative of 4 mice per
group. T: fLuc-4T1 tumor-bearing lung, L: liver, B1: blood, H: heart, K: kidney, B2: bone,
S: spleen, M: muscle. B. Biodistribution of 89Zr-Df-TRC105-800CW or 89Zr-Df-
cetuximab-800CW in fLuc-4T1 tumor-bearing mice at 48 h post-injection. C.
Biodistribution in fLuc-4T1 tumor-bearing mice at 48 h post-injection of 89Zr-Df-
TRC105-800CW or 89Zr-Df-TRC105-800CW after a blocking dose of TRC105. n = 4.
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Figure 6.
Immunofluorescence CD105/CD31 double-staining of normal mouse lung, fLuc-4T1 tumor-
bearing lung, liver, spleen, and kidney tissue sections. TRC105 and AlexaFluor488-labeled
goat anti-human IgG were used for CD105 staining (green). Afterwards, the tissue slices
were stained with rat anti-mouse CD31 antibody and Cy3-labeled donkey anti-rat IgG (red).
Magnification: 200×. Scale bar: 50 µm.
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Figure 7.
Near-infrared fluorescence imaging-guided removal of tumors with Df-TRC105-800CW in
subcutaneous 4T1 tumor models. Mice were subjected to optical imaging at 4 and 24 h post-
injection of Df-TRC105-800CW, immediately after the skin was open and tumor exposed,
and after surgical removal of the tumor. Top: BALB/c mice. Bottom: Nude mice. With
image guidance, tumor removal was straightforward. The residual fluorescence signal from
the original tumor site was due to blood concentration of Df-TRC105-800CW instead of
residual tumor tissue. Arrowheads indicate the 4T1 tumors in all cases.
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Table 1

Estimated radiation absorbed doses to an adult female after intravenous injection of 89Zr-Df-TRC105-800CW
(n = 4).

Target Organ
Total
(mSv/MBq)

SD
(mSv/MBq)

Total
(rem/mCi)

SD
(rem/mCi)

Adrenals 9.53E−02 7.17E−03 3.52E−01 2.67E−02

Brain 2.08E−03 2.45E−04 7.68E−03 9.13E−04

Breasts 5.97E−02 5.48E−03 2.21E−01 2.05E−02

Gallbladder Wall 1.26E−01 1.09E−02 4.65E−01 4.11E−02

LLI Wall 8.10E−03 8.79E−04 3.00E−02 3.25E−03

Small Intestine 2.34E−02 1.83E−03 8.67E−02 6.85E−03

Stomach Wall 5.59E−02 4.46E−03 2.07E−01 1.66E−02

ULI Wall 3.28E−02 2.64E−03 1.21E−01 1.00E−02

Heart Wall 8.34E−01 8.78E−02 3.09E+00 3.26E−01

Kidneys 5.24E−02 4.12E−03 1.94E−01 1.52E−02

Liver 4.40E−01 4.21E−02 1.63E+00 1.54E−01

Lungs 1.07E−01 9.31E−03 3.97E−01 3.43E−02

Muscle 3.12E−02 2.94E−03 1.15E−01 1.09E−02

Ovaries 1.18E−02 1.11E−03 4.36E−02 4.07E−03

Pancreas 9.18E−02 6.92E−03 3.40E−01 2.57E−02

Red Marrow 3.07E−02 2.55E−03 1.14E−01 9.75E−03

Osteogenic Cells 2.46E−02 2.10E−03 9.10E−02 7.80E−03

Skin 1.56E−02 1.31E−03 5.76E−02 4.88E−03

Spleen 3.48E−02 2.94E−03 1.29E−01 1.08E−02

Thymus 1.35E−01 1.37E−02 4.98E−01 5.19E−02

Thyroid 1.50E−02 1.70E−03 5.53E−02 6.32E−03

Bladder Wall 7.57E−03 8.46E−04 2.80E−02 3.13E−03

Uterus 1.23E−02 1.12E−03 4.56E−02 4.13E−03

Total body 4.24E−02 3.30E−03 1.57E−01 1.23E−02
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