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Fluorescence imaging is currently attracting much interest as a
method for intraoperative tumor detection, but most current
tracers lack tumor specificity. Therefore, this technique can be
further improved by tumor-specific detection. With tumor-
targeted antibodies bound to a radioactive label, tumor-specific
SPECT or PET is feasible in the clinical setting. The aim of the
present study was to apply antibody-based tumor detection to
intraoperative optical imaging, using preclinical in vivo mouse
models. Methods: Anti-vascular endothelial growth factor (VEGF)
antibody bevacizumab and anti-human epidermal growth factor
receptor (HER) 2 antibody trastuzumab were labeled with the
near-infrared (NIR) fluorescence dye IRDye 800CW. Tumor
uptake of the fluorescent tracers and their 89Zr-labeled radio-
active counterparts for PET was determined in human xeno-
graft-bearing athymic mice during 1 wk after tracer injection,
followed by ex vivo biodistribution and pathologic examination.
Intraoperative imaging of fluorescent VEGF- or HER2-positive
tumor lesions was performed in subcutaneous tumors and in
intraperitoneal dissemination tumor models. Results: Tumor-
to-background ratios, with fluorescent imaging, were 1.93 =
0.40 for bevacizumab and 2.92 + 0.29 for trastuzumab on
day 6 after tracer injection. Real-time intraoperative imaging
detected tumor lesions at even the submillimeter level in intra-
peritoneal dissemination tumor models. These results were
supported by standard histology, immunohistochemistry, and
fluorescence microscopy analyses. Conclusion: NIR fluores-
cence-labeled antibodies targeting VEGF or HER2 can be used
for highly specific and sensitive detection of tumor lesions in
vivo. These preclinical findings encourage future clinical studies
with NIR fluorescence-labeled tumor-specific antibodies for
intraoperative-guided surgery in cancer patients.
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Fluorescence imaging is currently attracting much inter-
est as a method for superior intraoperative tumor detection,
but most current imaging tracers lack tumor specificity.
Therefore, combining know-how obtained from targeted
therapies such as the use of monoclonal antibodies and ex-
pertise on molecular imaging for targeted tumor tracer devel-
opment might greatly benefit the patient in such a setting.

Molecular imaging is the in vivo characterization and
measurement of biologic processes at the cellular and mo-
lecular levels (/). Most experience in translating this ap-
proach into the clinic has taken place with PET and SPECT
in oncology (2). Initially, the focus in radionuclide imaging
was on the visualization of general tumor processes such as
glucose consumption with '8F-FDG PET and DNA prolif-
eration with 3’-deoxy-3'-!8F-fluorothymidine. However,
the availability of novel targeted tracers and new detection
systems for clinical use has expanded the potential of
molecular imaging even into the intraoperative setting. A
wide variety of tumor characteristics can now be visualized
using tracers based on monoclonal antibodies (3). We de-
veloped the PET radiopharmaceuticals 3°Zr-labeled bevaci-
zumab to image vascular endothelial growth factor (VEGF)
and 8%Zr-trastuzumab to image human epidermal growth
factor receptor 2 (HER2) in tumors and tested them suc-
cessfully preclinically and clinically (4-7). Bevacizumab is
a humanized monoclonal antibody that neutralizes all iso-
forms of the ligand VEGF-A (8,9); trastuzumab, the antihu-
man HER2 monoclonal antibody, targets the extracellular
domain of HER2 (10).
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Fluorescence imaging in the intraoperative setting has
recently entered the clinical testing phase. This technique
uses light instead of ionizing radiation, is real-time, pro-
vides high-resolution imaging, and is relatively inexpensive
(2,11). However, compared with PET, optical imaging does
not provide noninvasive whole-body imaging, and there
exists a limited penetration depth of the signal. There are
currently a few intraoperative imaging systems operational
in the clinic (/2,13), but there is still an unmet need for
tumor-specific detection with tumor-specific fluorescent
tracers. Our intraoperative tumor-targeted imaging approach
of using a small ligandlike folate linked to a fluorophore (i.e.,
fluoresceine isothiocyanate), which targets specifically the
folate-a receptor in ovarian cancer patients, will provide
the proof-of-principle concept (Netherlands Trial Register
1980; http://www.trialregister.nl). However, because of tis-
sue-scattering properties, autofluorescence, and absorption
of light in the 400- to 650-nm range, the use of near-infrared
(NIR) fluorophores is more attractive for deeper-seated
tumors with respect to sensitivity and accuracy. Such a tracer
should preferably perform in the NIR fluorescence spectrum,
which uses light in the 650- to 900-nm spectrum. In this
spectrum, autofluorescence signals are thus minimized, and
there is the lowest tissue absorption of light, resulting in
optimal tissue penetration (/4). However, few NIR fluores-
cence tracers are currently available for use in the clinic, and
all are nontargeted. Recently, various groups have reported
experience with the introduction of image-guided surgery for
the detection of the sentinel node in breast cancer and cer-
vical cancer patients with the NIR fluorescence tracer indoc-
yanine green (/3,15).

The use of tumor-specific targeted intraoperative imaging
can potentially be expanded to detect tumor margins,
locoregional metastases, and residual disease after surgery.
We therefore decided to test whether we could translate the
excellent performance of radiolabeled bevacizumab and
trastuzumab into optical imaging with a clinically applicable
tumor-targeted fluorescent tracer. IRDye 800CW is a NIR
fluorophore with optimal characteristics for clinical use,
allowing binding to antibodies when used in its N-hydrox-
ysuccinimide (NHS) ester form. A preclinical toxicity study
with IRDye 800CW carboxylate showed no toxicity in doses
of up to 20 mg/kg intravenously or intradermally (16).

To develop IRDye 800CW-labeled bevacizumab and
trastuzumab for specific tumor detection in vivo, we verified
the results with 8°Zr-bevacizumab and 8°Zr-trastuzumab PET.
To this end, in vivo mouse models were used with human
tumor xenografts for VEGF imaging and HER2 imaging.
Intraoperative surgery with the clinically used NIR camera
was performed in both subcutaneous and intraperitoneal
dissemination tumor models.

MATERIALS AND METHODS

Cell Lines
The human ovarian cancer cell line A2780 (HER2-negative,with
high VEGF production) was kindly provided by Dr. Thomas C.
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Hamilton (Fox Chase Cancer Center). Development of the lucifer-
ase-transfected subline A2780c* was described by Duiker et al.
(17). The SK-BR-3 (HER2-overexpressing) breast cancer and
KATO-III (HER2-overexpressing) gastric cancer cell lines were
obtained from American Type Culture Collection. The ovarian can-
cer cell line SKOV-3"* (HER2-overexpressing) was obtained
from Caliper Life Sciences. Cell lines were quarantined until
screening for microbial contamination and mycoplasm had been
performed; these tests were negative. Meanwhile, a reproducible
supply of cells was established by cryopreservation.

All experiments were performed within a predefined number of
passages. Key features of the cell lines were routinely checked.
Growth and morphology of the cells was observed and noted to be
consistent with prior descriptions of the lines. A2780"M¢" cells
were cultured in RPMI 1640 (Invitrogen), supplemented with
10% heat-inactivated fetal calf serum (Bodinco BV) and 2 mM
L-glutamine (Invitrogen). SK-BR-3 and SKOV-3"* were cultured
in Dulbecco’s modified Eagle medium (Invitrogen) supplemented
with 10% fetal calf serum and KATO-III in RPMI 1640 medium
supplemented with 20% fetal calf serum. All cell lines were cul-
tured at 37°C in a fully humidified atmosphere containing
5% CO,.

Bevacizumab and Trastuzumab Labeling with
IRDye 800CW and In Vitro Evaluation of
Fluorescence-Labeled Compounds

IRDye 800CW-NHS (Li-Cor Biosciences) was coupled to bevaci-
zumab (Roche) and trastuzumab (Roche) according to the manufac-
turer’s protocol. In short, antibodies were reacted with IRDye 800CW
at a molar ratio of 1:4 in phosphate-buffered saline (pH 8.5), which was
determined as the optimal ratio. The product was purified by ultra-
centrifugation with Vivaspin sample concentrators (GE Healthcare).
Labeling efficiency and purity were determined by size-exclusion
high-performance liquid chromatography, with ultraviolet detector
wavelengths at 220, 280, and 790 nm. The labeling efficiency
obtained was 85%-90%, giving a labeling ratio of an average of
3.5 dyes per antibody, with a purity of greater than 95% after puri-
fication. The stability of bevacizumab-800CW and trastuzumab-
800CW was verified by storing the final product in 1 mL of 0.9%
sodium chloride at 4°C and 37°C for 7 d. Size-exclusion high-per-
formance liquid chromatography measurements were performed for
1 wk. No measurable decreases in bound IRDye 800CW were
found. The binding properties to VEGF of bevacizumab-800CW
were evaluated using a VEGF-coated enzyme-linked immunosorb-
ent assay, as described previously by Nagengast et al. (4). Binding of
the antibody to the antigen was measured with the Odyssey imaging
system (Li-Cor Biosciences). Trastuzumab-800CW binding proper-
ties were determined using a competition assay with unlabeled
trastuzumab on SK-BR-3 cells stitched to a 96-well plate
with poly-L-lysine (0.01% w/v in water; Sigma-Aldrich). Both
bevacizumab-800CW and trastuzumab-800CW showed no decrease
in-binding affinity.

Bevacizumab and Trastuzumab Conjugation
and 89Zr Labeling

Conjugation and radiolabeling of bevacizumab and trastuzumab
were performed as described earlier (4,5). Briefly, both antibodies
were first conjugated with the chelator tetrafluorphenol N-succi-
nyldesferal (TFP-N-sucDf), which was kindly provided by Dr.
Guus A. van Dongen (VU Medical Center). After conjugation,
the product was purified by ultracentrifugation and stored
at —20°C. In the second step, the conjugated antibodies were
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radiolabeled with clinical-grade 8°Zr-oxalate (IBA Molecular).
Because PET is more quantitative than SPECT, we used 39Zr-
labeled antibodies instead of the !'''In-labeled analogs.

IgG Conjugation and '''In Labeling

Human IgG (Sanquin) was used as an aspecific control in the
experiments. Human IgG conjugation and labeling were per-
formed as described by Ruegg et al. (/8). Briefly, IgG was first
conjugated to the bifunctional conjugating agent 2-(4-isothiocya-
natobenzyl)-diethylenetriaminepentaacetic acid (p-SCN-Bn-DTPA;
Macrocyclics). After conjugation, the product was stored at —20°
C. Conjugated human IgG was radiolabeled with !!In-chloride
(Covidien).

Glassware, materials, and solutions used for the 8°Zr and '!'In
conjugation and labeling procedures were sterilized, pyrogen-free,
and metal-free. All radiolabeled antibodies had a purity of greater
than 95% before administration to the animals.

Animal Experiments

For subcutaneous tumor models, cells were harvested by
trypsinization and resuspended in phosphate-buffered saline. In
vivo imaging and ex vivo experiments were conducted using male
nude BALB-c mice (BALB/cOlaHSD-foxn™) obtained from Har-
lan Nederland. Mice were not kept on a specific diet. At 6-8 wk of
age, the mice were injected subcutaneously with 5 X 106
A2780™* (n = 10) or 2.5 x 10° SK-BR-3 (n = 10) cells in
0.3 mL of Matrigel (BD Bioscience). A2780!* was selected
for these experiments given its high VEGF tumor levels when
xenografted and the characterization of 8°Zr-bevacizumab avail-
able in this model (4). Trastuzumab-800CW was tested in the SK-
BR-3 tumor-bearing mice.

Tumor growth was followed with caliper measurements. The
tracer was injected when the tumors measured 6—8 mm in diam-
eter (for A2780, 2 wk after tumor cell inoculation; for SK-BR-3,
4 wk after inoculation). To compare fluorescence optical imaging
with PET, mice received a coinjection of IRDye 800CW- and 8°Zr
(5 MBq)-labeled bevacizumab or trastuzumab together with the
same protein dose of '''In-IgG (1 MBq) as an aspecific control.
During a scan sequence, images were made immediately after
injection of the tracer and at 24, 48, 72, and 144 h afterward.
Two protein doses were tested per tracer: for bevacizumab, 30
and 100 pg, and for trastuzumab, 50 and 100 pg. Half of the
tracer protein dose was labeled fluorescently, correlating with
0.41, 0.68, and 1.36 g of dye for, respectively, 30, 50, and 100
g of protein, based on a labeling ratio of 3.5 molecules of dye per
antibody. The difference in lowest protein dose used was different
for bevacizumab and trastuzumab, because a difference in max-
imal specific activity could be obtained. Tracer injection was via
the penile vein in a volume of 150 L.

Animals were imaged using a microPET Focus 220 rodent
scanner (CTI Siemens). After image reconstruction, in vivo quan-
tification was performed with AMIDE’s a Medical Image Data
Examiner software (version 0.9.1; Stanford University) (/9).
The data were presented as the mean standardized uptake value
(SUVmean), which analyzes tumor uptake by comparing it with
the total average whole-body uptake. Animals were sacrificed after
the last scan, and organs and tissues were excised and weighed.
Samples and primed standards were counted for radioactivity in a
calibrated well-type LKB-1282 Compu-vy system (LKB Wallac) and
corrected for physical decay. Ex vivo tissue activity was expressed
as percentage of the injected dose per gram of tissue. Harvested
tumors were paraffin-embedded for further analysis.
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In vivo fluorescence and bioluminescence images were obtained
with the IVIS Spectrum (Caliper Life Sciences). Fluorescence
images were retrieved by measuring a spectrum with different ex-
citation wavelengths of 675 and 745 nm and using a filter of 800 nm.
Data were analyzed using Living Image 3.2 software (Caliper Life
Sciences). To determine tumor-to-background ratio (TBR) from
NIR fluorescence images, the tumor boundary was set as a region
of interest, and the ratio was calculated by comparing the tumor
uptake with the background value within the mouse. The TBR was
determined after spectral unmixing of the fluorescence signal,
performed by Living Image software, to distinguish the IRDye
800CW signal from autofluorescence.

Bioluminescence was achieved by injecting the animals intra-
peritoneally weekly with p-luciferin (150 mg/kg; Xenogen) recon-
stituted in phosphate-buffered saline, followed by imaging.

The real-time intraoperative multispectral fluorescence imaging
system as developed by Themelis et al. (/2) was used to visualize
the location of the fluorescence-labeled antibodies. This system
contains 3 cameras operating in parallel: a color and fluorescence
camera and an intrinsic camera for light attenuation images at the
excitation wavelength. Images and videos were obtained during
surgery and ex vivo studies. Figures were made with Photoshop
(version CS4; Adobe) for creation of the overlay pictures.

Female nude BALB-c mice (BALB/cOlaHSD-foxn™)
with A2780"¢* (n = 5), SKOV-3!*** (n = 10), and KATO-III
(n = 5) cells were used for intraperitoneal dissemination tumor
models. Mice were kept on an alfalfa-free diet to reduce autofluor-
escence in the peritoneum. A total of 2 x 106, 5 x 10, or 2 x 10°
cells were injected intraperitoneally (volume, 0.5 mL). Tumor
growth was tracked with weekly bioluminescence measurements
in mice that received cells of a luciferase-positive cell line, using
the IVIS Spectrum. The fluorescent tracer was injected intraper-
itoneally 3 wk after inoculation of A2780"¢* and KATO-III and
4 wk after SKOV-3"¢*. Ten mice inoculated with the A2780"¢*
(n = 5) or SKOV-3"* (n = 5) received 100 pg of bevacizumab-
800CW. Trastuzumab-800CW (100 wg) was administered in
5 mice inoculated with SKOV-3""* and 5 mice with KATO-III
tumors. On day 4 after tracer injection, all mice received isoflur-
ane inhalation anesthesia (induction, 3%; maintenance, 1.5%) to
undergo NIR fluorescent imaging during surgery.

To validate the findings with the intraoperative fluorescence
imaging system, 1 animal from each group was also scanned in
the IVIS Spectrum system. If present, at least 3 fluorescent spots
were excised intraoperatively for pathologic and fluorescence
microscopy analysis. Harvested fluorescent lesions were paraffin-
embedded for further analysis. During surgery, intraoperative
imaging was performed by recording still images and movies.
After this procedure, the mice were sacrificed. The animal ex-
periments were approved by the animal experiments committee of
the University of Groningen.

Ex Vivo Tissue Analysis

Paraffin-embedded subcutaneous tumors and fluorescent intra-
peritoneal lesions were stained with hematoxylin and eosin (H&E)
and immunohistochemically for VEGF (SC-152; Santa Cruz) or
HER2 (CB11; Neomarkers).

Hoechst staining (33258; Invitrogen) was used to visualize
nuclei for fluorescence microscopy. Fluorescence microscopy
analysis was performed using an Olympus Fluoview 300 confocal
scan box mounted on an Olympus IX 71 inverted microscope. The
laser source (Coherent; Paladin) produces photons of 532 and
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1,064 nm. The optical parametric oscillator (APE Berlin) converts
photons to longer wavelengths (20). In this setting, the 532-nm
photons are converted to 770 nm, serving to visualize the IRDye
800CW bound to the antibody. Light at 1,064 nm was used to visual-
ize the Hoechst nuclear staining by 2-photon fluorescence. The filter
set consisted of the combination of 2 band-pass filters (850-90m-2p;
Chroma) and long-pass emission filters (HQ795LP; Chroma). Image
analysis was performed using FV10-ASW (version 1.6; Chroma).

Statistical Analysis

Data are presented as mean *= SD. Statistical analysis was
performed using the Mann—Whitney test for nonparametric data
(Prism, version 5; GraphPad Software). A P value of 0.05 or less
was considered significant.

RESULTS

Dual-Modality VEGF Imaging

First, we compared the characteristics of fluorescence-
labeled bevacizumab with 3°Zr-bevacizumab (Figs. 1A and
1B). In the luciferase-positive tumors, an increasing bio-
luminescence signal was observed during tumor growth,
providing assurance about the vitality of most tumor cells.
Quantification of tumor uptake by TBR of the optical fluo-
rescence images revealed an increased signal with a higher
fluorescent tracer protein dose of bevacizumab-800CW
(Fig. 1A). The TBR was 1.35 = 0.11 in the 30-ug bevaci-
zumab group and 1.93 £ 0.40 in the 100-pg bevacizumab
group (P = 0.014) at 6 d after tracer injection. The tumor
SUVmean of 89Zr-bevacizumab was slightly lower in the
100-p.g bevacizumab group than in the 30-pg group (Fig.
1B). Optical and nuclear imaging showed an increasing

tumor signal over time. Specificity of 8°Zr-bevacizumab
tumor uptake was shown as 89Zr-bevacizumab tumor uptake
ex vivo, compared with '''In-IgG as nonspecific tumor uptake.
There was a 64.7% increased uptake in the 30-wg bevacizu-
mab group (P < 0.0001) and 53.2% (P < 0.0049) increased
uptake in the 100-pg bevacizumab group, compared with the
IgG tumor uptake.

Dual-Modality HER2 Imaging

Next, we compared the characteristics of fluorescence-
labeled trastuzumab with 8°Zr-trastuzumab. Quantification
of tumor uptake by TBR of the optical fluorescence images
showed a dose-related effect, with 1.67 = 0.18 at 50 pg and
2.92 £ 0.29 at 100 g of trastuzumab (P < 0.0001) (Fig.
2A). The tumor uptake in the low-dose trastuzumab group
was already maximal at day 1 after injection. The optimal
time point for measuring fluorescence was comparable to
VEGF imaging: between 3 and 6 d after fluorescent tracer
injection, based on increasing TBR. The maximum 8°Zr-
trastuzumab tumor uptake, measured with small-animal
PET, was similar for the 50- and 100-pg trastuzumab
groups (Fig. 2B). The specificity of this 3°Zr-trastuzumab
tumor uptake, shown as tumor uptake of '''In-IgG (coin-
jected), was less in both groups: 74.0% in the 100-pg pro-
tein dose group (P = 0.0016) and 91.2% in the 50-pg
protein dose group (P < 0.0001).

Use of NIR Fluorescence-Labeled Antibodies for
Intraoperative Guidance

Tumor uptake of the fluorescence-labeled antibodies was
clearly visible with the intraoperative fluorescent system in
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FIGURE 1. Dual-modality imaging of VEGF in subcutaneous A2780c* xenograft model. (A) Representative sagittal (2-dimensional)

fluorescence images of bevacizumab-800CW immediately after tracer injection of 100 png of bevacizumab and at indicated days, and
relative tumor uptake displayed in TBR. (B) Correlated coronal small-animal PET images after 89Zr-bevacizumab injection, and tumor uptake
(SUVmean) as determined by small-animal PET data quantification for both dose groups (30 and 100 pg of bevacizumab).
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FIGURE 2. Dual-modality imaging of HER2 in subcutaneous SK-BR-3 xenograft model. (A) Representative sagittal (2-dimensional)
fluorescence images of trastuzumab-800CW immediately after tracer injection of 100 wg of trastuzumab and at indicated days, and relative
tumor uptake displayed in TBR. (B) Correlated coronal small-animal PET images after 89Zr- trastuzumab injection, and tumor uptake

(SUVmean) as determined by small-animal PET data quantification (50 and 100 pg of trastuzumab).

mice receiving bevacizumab-800CW (Fig. 3) or trastuzu-
mab-800CW (Supplemental Fig. 1A; supplemental materi-
als are available online only at http://jnm.snmjournals.org).
The fluorescence signal of the subcutaneous tumor was
detectable despite the intact skin overlying the tumor.

Supplemental Video 1 shows the fluorescence signal of
trastuzumab-800CW captured by the intraoperative fluo-
rescence imaging system while the surgeon removes the
subcutaneous SK-BR-3 tumor.

Tumor models with high peritoneal metastatic spread
were used to investigate whether the fluorescence-labeled
antibodies were able to visualize small tumor spots in the
peritoneal cavity.

In mice bearing the luciferase-positive cell lines, increas-
ing bioluminescence was observed over time after inocu-
lation, indicating tumor growth and vitality of tumor cells.

For bevacizumab-800CW and trastuzumab-800CW, even
submillimeter lesions could be distinguished intraopera-
tively by the emitted fluorescence signal. Peroperative
images for bevacizumab-800CW are shown in Supplemen-
tal Figures 2A and 2B. Both ovarian cancer models showed

FIGURE 3. Representative intraoperative Color

intraperitoneal tumor growth measured with biolumines-
cence imaging. For the HER2-overexpressing SKOV-31uct,
small tumor lesions could be visualized with bevacizumab-
800CW (Supplemental Fig. 2B) and with trastuzumab-
800CW (Supplemental Fig. 1B) with the intraoperative
camera. Trastuzumab-800CW was also able to visualize
the HER2-positive KATO-III tumor lesions (Fig. 4). Lesions
were found ranging from submillimeter size to several
centimeters. In addition, lesions smaller than 1 mm were
removed from the peritoneum on the basis of the fluores-
cence signal.

The intense fluorescence signal correlates with tumor
lesions as measured with bioluminescence, indicating spe-
cific tumor uptake and detection of lesions by fluorescence
signal during imaging. The fluorescence signal is present
where vital tumor cells are shown using bioluminescent
imaging of A2780"™¢* tumors with bevacizumab-800CW
(Supplemental Fig. 3A) and SKOV-3""* tumors with tras-
tuzumab-800CW (Supplemental Fig. 3B).

Supplemental Video 2 shows the experimental setting of
intraoperative imaging during surgery on a mouse. The

Fluorescence Overlay

images of bevacizumab-800CW in sub-
cutaneous A2780 tumor-bearing mouse.
Ovarian cancer was targeted with beva-
cizumab-800CW. Weaker background
fluorescence of stomach comes from fluo-
rescence of chlorophyll in food of animals
used in these groups. These mice were not
kept on alfalfa-free diet.
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Fluorescence

fluorescence signal of bevacizumab-800CW was captured
during removal of intraperitoneal SKOV-3!¢* tumor spots
as a representative example.

Tumor-Specific Detection with NIR
Fluorescence-Labeled Antibodies

H&E staining, VEGEF staining, and fluorescence micro-
scopy showed that the lesions with fluorescence signals
contained tumor cells; this is illustrated for the A2780e*
subcutaneous tumor in Figure 5. The same results were
found in small intraperitoneal lesions of the intraperito-
neally injected A2780¢* and SKOV-3¢*. Comparably,
in the SK-BR-3 subcutaneous tumor, viable tumor cells
were detected with H&E, HER2, and fluorescence micro-
scopy (Fig. 5). SKOV-3u* and KATO-III intraperitoneal
fluorescent lesions also showed viable tumor cells. As
expected, fluorescence microscopy showed bevacizumab-
800CW in the extracellular matrix of the tumor, whereas
trastuzumab-800CW fluorescence was detected mainly on
the tumor cell surface.

DISCUSSION

These results are the first, to our knowledge, to show that
tumor-targeted NIR fluorescence—labeled therapeutic anti-
bodies can be used for specific tumor detection in vivo in a
preclinical setting, using the real-time intraoperative clini-
cal prototype camera system.

In the present study, the excellent selective tumor uptake
previously shown with PET of 389Zr-bevacizumab and 3°Zr-
trastuzumab in mice bearing human xenografts (4,5) was
also observed for the same antibodies labeled with a fluo-
rescent dye.

The TBR obtained for trastuzumab-800CW was some-
what higher than for bevacizumab-800CW. This can at least
partially be explained by the fact that bevacizumab targets
only human VEGF, which is produced by the implanted
human tumor cells. In the human xenograft tumor models,
murine VEGF also plays a role, but bevacizumab does not
bind or neutralize murine VEGF (217,22). This assumption
is supported by the finding that the radioactive bevacizumab
tracer showed a lower tumor uptake in the preclinical set-
ting than in patients (6,7).

89Zr-bevacizumab and 3Zr-trastuzumab showed high
specific tumor uptake, with increasing TBRs during the first
4 d after tracer injection (6,7). The long half-life of the
antibodies implies that these antibodies require days to
accumulate optimally in the tumor. Our clinical studies
with 39Zr-bevacizumab and 3°Zr-trastuzumab indicated that

INTRAOPERATIVE VEGF anD HER?2 ImaAGING ¢ Terwisscha van Scheltinga et al.

Overlay

FIGURE 4. Intraoperative images of tras-
tuzumab-800CW in human gastric cancer
KATO-IIl intraperitoneal tumor model.

day 4 after tracer injection is optimal for nuclear imaging.
In the present study, the optimal time for optical imaging
for both antibodies was around day 3 after fluorescent tracer
injection. Our results with the IRDye 800CW-labeled anti-
bodies directing against VEGF and HER?2 revealed the pos-
sibility of detecting submillimeter lesions with a clinical
intraoperative camera.

This information adds to the recent data obtained for
fluorescence-labeled antibodies targeting the epidermal
growth factor receptor (EGFR), HER2, and the insulin-like

2780

|

A

IHC

Fluorescence

FIGURE 5. A2780 subcutaneous tumor microscopy images (x400)
showing H&E staining, VEGF staining, and fluorescence signal of
bevacizumab-800CW (green) and nuclei visualized by fluorescence
after Hoechst staining (red), and SK-BR-3 subcutaneous tumor
microscopy images (x400) showing H&E staining, HER2 staining,
and fluorescence signal of trastuzumab-800CW (green) and nuclei
(red). IHC = immunohistochemistry.
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growth factor receptor 1 (IGF-1R) (23-26). Cetuximab
labeled with the NIR fluorescent dye Cy5.5 showed specific
tumor uptake in head and neck squamous cell carcinoma
xenografts (23), whereas the IGF-1R targeting antibody
AVE-1642 labeled with the NIR fluorescent dye Alexa
680 was specifically taken up by the R-/IGF-1R xenograft
tumor (24). Trastuzumab that was dual-labeled with ''In-
DTPA and IRDye 800CW showed a similar tumor-to-
muscle ratio of 2.25 for fluorescence measurements and
2.66 in a SK-BR-3""** model for SPECT (25). Although
these results are promising, no clinical trials have yet been
performed with these targeted fluorescent labels. This spe-
cific uptake—not only of HER2 and VEGF but also of
epidermal growth factor receptor— and IGF-1R-directed
antibodies labeled with a fluorescent tracer—further sup-
ports the potential to expand our findings to several other
targets that could be visualized in tumor tissues of patients
with optical imaging when labeled with clinical-grade
IRDye 800CW. No NIR-targeted tracers are currently avail-
able for clinical use; the tracers discussed in this article
could fill this gap in future clinical studies.

Currently, the only NIR fluorescence tracer approved by
the Food and Drug Administration for human use is
indocyanine green, but it is not a targeted tracer. To address
this problem, the antibodies daclizumab (targets CD25),
panitumumab (targets HER1), and trastuzumab (targets
HER?2) were labeled with activatable NIR fluorescent trac-
ers of indocyanine green. They were tested in the preclin-
ical setting and indeed visualized the tumors (26). However,
because indocyanine green loses its fluorescence once it is
covalently bound to protein, the fluorescence becomes visi-
ble only after activation due to cellular internalization of
the tracer and degradation of the antibody (26,27). Conse-
quently, this approach cannot visualize VEGF, which is
mainly present in the extracellular matrix. This approach
could also underestimate the signal, for example, in the
case of growth factor receptors such as HER2. In that case,
apart from internalization of the receptor, there will also be
a receptor at the cell membrane (as demonstrated in fluo-
rescent microscopy results) that will not lead to a fluores-
cence signal. Our fluorescent microscopic analysis of
IRDye 800CW clearly showed that the signal originates
precisely where it was expected for both tracers: for bev-
acizumab-800CW, between tumor cells in the microenvir-
onment, and for trastuzumab-800CW, intracellularly and on
the tumor cell surface.

The dose of labeled antibodies required for molecular
imaging in patients is in the subtherapeutic microdose
ranges. When antibodies have a linear kinetic profile, no
supplementation of unlabeled antibody is necessary for
PET. This is the case for U36, a CD44v6-specific murine
monoclonal antibody, and for bevacizumab (28-30). There-
fore, imaging studies in patients with these 8°Zr-labeled
antibodies were performed with 10 mg for U36 and 5 mg
for bevacizumab (7,31). For optical clinical imaging pur-
poses, comparable protein doses will be used. The case is
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different for trastuzumab, which has dose-dependent phar-
macokinetics. After multiple therapeutic doses, trastuzu-
mab clearance has an average terminal half-life of 28.5 d
at steady state (32). However, when given as a single dose
of 10 mg, trastuzumab has a terminal half-life of only 1.5 d
(33), too short to allow adequate accumulation of the tracer
in the tumors and subsequent imaging. In the 3°Zr-trastu-
zumab study, supplementation with 50 mg of unlabeled
trastuzumab was optimal (6). This aspect will have to be con-
sidered for the imaging with trastuzumab-800CW as well.

Given the interesting characteristics of IRDye 800CW
for use in the clinic, we are currently performing the pre-
clinical toxicity testing of bevacizumab-800CW to permit
clinical trials with this tracer. However, the best optical
imaging may require a cocktail of tracers targeting different
tumor characteristics. For example, it is becoming increas-
ingly clear that breast cancer is a heterogeneous disease that
can exhibit a variety of characteristics. These experiments
indicate that both tracers can be of interest for the clinic,
depending on the presence of the target in the tumor.
Compared with HER2, VEGF is the more general target for
cancer detection, because it is more frequently overex-
pressed in many tumor types (8).

Apart from intraoperative image-guided surgery, fluo-
rescence imaging systems are also being developed for
diffuse optical imaging, hand-held photo-acoustic—based
imaging, fluorescent endoscopy, and confocal laser endo-
microscopy (34-36). When used for studying breast tissue,
diffuse optical imaging is often referred to as optical mam-
mography. This technique is currently being tested in early
clinical trials (37). Confocal laser endomicroscopy allows
in vivo imaging of the mucosal layer during gastrointestinal
endoscopy. Interestingly, the feasibility of VEGF imaging
in a preclinical gastrointestinal cancer model and human
tissue using confocal laser endomicroscopy was recently
demonstrated using a polyclonal rabbit antibody raised
against the -121, -165, and -89 isoforms of human and mur-
ine VEGEF labeled with Alexa-Fluor 488 (34). The VEGF-
specific signal was visualized and correlated well with ex
vivo microscopy. The first clinical trials using confocal laser
endomicroscopy with tumor targeted fluorescent tracers are
expected to start soon.

CONCLUSION

In a preclinical setting, NIR fluorescence—labeled antibodies
targeting VEGF or HER?2 allowed highly specific and sensitive
detection of tumor lesions in vivo. These findings strongly
support future clinical studies with NIR fluorescence—labeled
tumor-specific antibodies in a wide range of clinical applica-
tions, including intraoperative image-guided surgery.
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