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Recently, specific antibodies have been used extensively to diagnose and treat various diseases. It is essential to assess

the efficacy and specificity of antibodies, especially the in vivo environment. Anti-HER-2/nex mAb was evaluated as a

possible transporting agent for radioimmunotherapy. The monoclonal antibody was successfully radio-labeled with

131L

In vitro binding assays were performed to confirm its targeting ability using another radio-iodine, '*’I. Binding percentage
of '®I labeled anti-HER-2/neu mAb in HER-2/neu expressing CT-26 cells was found to be 4.5%, whereas the binding
percentage of '*I labeled anti-HER-2/nex mAb in wild-type CT-26 was only 0.45%. In vivo images were obtained and
analyzed through y-camera and an optical fluorescent modality, IVIS-200. y-camera images showed that "*'T labeled

anti-HER-2/neu mAb accumulated in HER-2/neu CT-26 tumors. Optical imaging based on near infrared fluorescence
labeled anti-HER-2/neu mAb showed higher fluorescence intensities in HER-2/neu CT-26 tumors than in wild-type CT-26
tumors. Anti-HER-2/neu mAb was found to specifically bind to its receptor expressing tumor. Our study demonstrates

that in vivo imaging technique is a useful method for the evaluation of an antibody's therapeutic and diagnostic potentials.
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INTRODUCTION

Tumor targeting by radiolabeled mAb is an attractive
approach to cancer treatment (Fani et al., 2002). RIT is a
form of targeted therapy that uses parent mAbs to deliver
radioactivity, which is emitted by a conjugated radioisotope,
to antigen positive tissues (Kracber-Bodéré et al., 2014).
Tumor cells are damaged by the combined effects of the

antibody and ionizing radiation (Read ED, 2014). Moreover,
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tumor cells not bound by antibody may still be affected by
radiation from adjacent cells, due to cross-fire (Shimoni and
Nagler, 2007). During the past few years, the U.S. Food and
Drug Administration approved two RIT pharmaceuticals
for the treatment of non-Hodgkin's lymphoma, i.e., the anti-
CD20 monoclonal antibodies, *°Y-ibritumomab tiuxetan
(Zevalin) and "*'I-tositumomab (Bexxar). Moreover, several
new radioimmunoconjugates are currently being evaluated
in clinical trials (Sharkey and Goldenberg, 2005). Therapeutic
radionuclides usually emit B-particles to the tumor (Fani et
al., 2002). "*'I is one of the radionuclides mostly used for
RIT (Lewington V, 2005). However, recently, instead of
B, %Y is used for RIT studies because of pure f emission
(DeNardo GL, 2000), and its B particles penetrate more
effectively than "'T (Esteban JM, 1990). However, as Y

does not emit gamma rays, the in vivo distribution of
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“Y-labeled antibody cannot be visualized (Wiseman GA,
2000). Some target antigens (e.g. HER-1, dHER-2/neu) are
internalized by cells after antibody binding (Jaramillo et al.,
2006). Moreover, ™Y is a radiometal that is retained intra-
cellularly, whereas "*'I is released from cells by deiodination
(Witzig TE, 20006). '%Re is another metallic radionuclide
suitable for RIT. It emits both f and y radiation. These y
rays, which are emitted in only 9% of the disintegrations,
are of low energy (137 keV) whereas 3 emissions are of
medium energy (mean 362 keV) (van Gog FB et al., 1997).
7Cu is also a possibility for RIT and provides low energy p
emissions (average 141 keV) and medium energy gamma
rays (185 keV) which are suitable for imaging (DeNardo et
al., 1999).

Members of the receptor tyrosine kinase family, which
include epidermal growth factor receptor (EGFR), ErbB-2/
HER-2, ErbB-3/HER-3, and ErbB-4/HER-4, have frequently
been implicated in experimental models of epithelial cell
neoplasia in animals and in humans (Rajkumar and Gullick,
1994; Glenney 1992; Kroese et al., 2007; Porter and
Vaillancourt, 1998). Moreover, many mAb products have
been approved for clinical use in United states, and more
are currently under clinical evaluation (Adams and Weiner,
2005). The Her-2/neu gene encodes a 185 kDa trans-
membrane protein that is a member of the type I family of
growth factor receptors (Akiyama et al., 1986; Bargmann,
1986). Amplification of this gene results in the over-
expression of a 185-kDa receptor tyrosine kinase which is
homologous to EGF3 receptor (Coussens et al., 1985; Stern
et al., 1986; Kraus et al., 1987). However, unlike EGF
receptor, which binds many known ligands, no direct ligand
of HER-2/neu has been reported (Hurwitz et al., 1995).

MAb to HER-2/neu (Trastuzumab/Herceptin) has been
approved by the Federal Drug Administration (FDA) for
the treatment of tumors that express high levels of HER-2/
neu, and herceptin has a good therapeutic effect. However,
recently, combined therapies, such as, antibody and chemo-
therapy, antibody and radio therapy (RIT) are being studies
(Pfeiffer et al., 2007).

Molecular imaging can be defined as the in vivo char-
acterization and measurement of biologic processes at the

cellular and molecular levels (Massoud and Gambhir, 2003).

The strategy of molecular imaging involves the use of
unique molecular probes that target specific molecules, such
as, receptors, transporters, or enzymes (Sakiyama et al., 2007;
Shikano et al., 2007; Alattia et al., 2007). Moreover, speci-
ficities of such interactions, delivery pharmacokinetics, and
the signal-to-noise ratio of molecular probes can be char-
acterized by molecular imaging. However, the development
and validation of specific molecules is time-consuming
and requires significant effort, and thus these advantages of
molecular imaging are important for evaluating the speci-
ficities of potential delivery systems (Gunn et al., 2007).

In vitro and in vivo antibody developments are required
for RIT because the biodistribution of the radioconjugated
antibody and its targeting ability should be confirmed.
Nowadays, antibody development studies are performed
by small animal imaging, because small animal imaging
enables accurate quantification, the localizations of bio-
logical processes and events, new developed antibodies to
be characterized before human studies, and because it
provides near perfectly registered images which improve
interpretation and quantification (Jacobs and Cherry, 2001).

Here, we report our evaluation of the merits of anti-
HER-2/neu antibody based on small animal imaging. Our
study provides information about the in vivo characteristics
of anti-HER-2/neu mAb and provides supportive pre-clinical

data for clinical applications.

MATERIALS AND METHODS

Materials

Erbitux (Cetuximab) was purchased from Merck Inc.
(Germany), Herceptin (Trastuzumab) from Roche Inc. (USA),
and IRDye 800CW from Li-Cor Inc. (USA). Fluorescein
isothiocyanate (FITC), IODO-Bead and desalting dextran
column were obtained from pierce (USA) and Vivaspin
500 from Vivagen (Germany). '*’I was from Perkin Elmer
(USA), and "'I from the Korean Atomic Energy Research
Institute (KAERI, Korea). Phosphate buffered saline (pH
7.4; 0.01 mol/l), Dulbecco's phosphate buffered saline (pH
7.4) and casein blocker were purchased from Biorad (USA).
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Preparation of radioiodine labeled antibody

Iodination of the antibody was accomplished using Iodo-
Beads. A single Iodo-Bead was washed with 0.5 ml of 0.2
mol/l phosphate buffer (pH 6.5) and dried on filter paper,
and then placed in an eppendorf tube. 1 mCi of radioiodine
and an equal volume of 0.2 mol/l phosphate buffer (pH 6.5)
was added, incubated for 15 minutes at room temperature
(257). 200 pg of antibody was then added and incubation
continued for 30 minutes at room temperature (257C).
The reaction was terminated by removing the Iodo-Bead.
Labeling yield was determined by radio thin layer chro-
matography using silica coated glass and acetone as a

developing solution.

Labeling of antibody with near-infrared fluorescence
IRDye 800CW

IRDye 800CW fluorescent conjugates have an absorption
maximum at 774 nm and an emission maximum of 789 nm
in 1X PBS. IRDye 800CW dye bears a NHS ester reactive
group that couple to primary amines on the antibody.
IRDye 800CW (0.1 mg for 1 mg of protein) was dissolved
in 50 pl of DMSO (Sigma, USA), 1 mg of antibody was
added, and incubated overnight at 4°C in the dark. The
reaction mixture was then passed through a desalting dextran
column (Pierce, USA) eluted and with 0.01 mol/l phosphate
buffered saline (pH 7.4) (Biorad, USA). Fractions were
concentrated by ultracentrifugation (Beckman Coulter, USA),
and the product so obtained was diluted in PBS to a con-
centration of 1 mg/ml and stored in the dark at -20°C until

required.
Cell line and cell culture

Mouse colorectal adenocarcinoma CT-26 and HER-2/
neu CT-26 cells were obtained from the Laboratory of
Immunology at Seoul National University. CT-26 and
HER-2/neu CT-26 cells were maintained as monolayer
cultures in DMEM supplemented with 10% fetal bovine
serum, 100 units/ml penicillin, and 100 pg/ml streptomycin
in a humidified 5% CO, atmosphere at 37 C.

In vitro binding test

All steps in the antibody binding assay were done at 4C.
Cells were washed 3 times with D-PBS (PBS (pH 7.4)
without CaCl, and MgCl,). 1 X 10° cells were counted
and incubated for 1 h with '*I-labeled antibody with or
without a 100-fold molar excess cold antibody, and then
washed twice with casein blocker. Radioisotope was counted
using a Wallac 1470 gamma counter (Wallac, Finland). To
correct for radioactive decay, standards were counted simul-

taneously.
Experimental animal model

6- to 8-week-old female athymic nude mice (BALB/c-nu
Sle, Japan) were housed five/cage and provide sterilized
water. Tumor cells were harvested near confluence by
incubation with 0.05% trypsin-EDTA. Cells were pelleted
by centrifugation at 1,500 rpm for 3 minutes and then
resuspended in serum free media. Cells (2~3 > 10%animal)
were implanted subcutaneous into the thighs of mice. Tumors

reached roughly 1 cm in size after 4 weeks.

Gamma camera images of radiolabeled antibody in small

animal models

To obtain gamma camera images, mice were injected via
a tail vein with radioisotope labeled antibody. Briefly, a
mouse was anesthetized with 2% isoflurane and placed
gamma camera (DIACAM; Siemens, Germany). Images
were acquired for 1 > 10° counts using a 4 mm pin-hole.
Data was stored in a 512 X 512 pixel matrix using a digital
computer and processed using a special color display without

background subtraction or interpolation.

Longitudinal fluorescence optical imaging of live mice

and image processing

Live animal fluorescence optical imaging was performed
using the IVIS 200 (Xenogen, USA). Imaging parameters
were selected and implemented using on-board Living
Image 2.5 software. An ICG excitation and emission filter
was used with an excitation band of 710 nm to 760 nm and a
emission band of 810 nm to 875 nm. Bright field photo-

graphs were obtained in each case. Images were obtained
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Fig. 1. Labeling efficiency of anti-HER2/neu antibody with "'l

measured by thin layer chromatography (TLC). The labeling mixture
containing antibodies, radioisotopes and chemicals were migrated
on the silica coated glass buffered by acetone. Anti-HER2/neu anti-
bodies were labeled with 'I, demonstrating about 94% of labeling
efficiency.

in posterior and anterior views. Because near infrared fluo-
rescence is susceptible with light, mouse were kept in dark

room.

RESULTS
Evaluation of anti-HER2/neu mAb for radiolabeling

We assessed whether the anti-HER2/neu antibody could
be labeled with the radioisotope. "*'I was used for the radio-
labeling test with Iodo-bead system. The labeling efficiency
was measured by radio thin layer chromatography with
acetone as a developing buffer. About 94% of antibody
was radiolabeled with "*'I (Fig. 1). This result demonstrates
that the anti-HER2/neu antibody is suitable for radiolabeling
with 'I and suggests that the experiment of in vivo
y-camera imaging would be possible with the antibody

after radio-labeling.
In vitro binding assays using anti-HER-2/neu mAb

To evaluate expressions of HER-2/neu antigens in HER-2

% added dose
w
o
o
T

CT-26 HER-2/neu CT-26

Fig. 2. In vitro binding assay of HER-2/neu CT-26 and wild-type
CT-26 cell lines. Expression of HER-2/neu antigen is higher in
HER-2/neu CT-26 than in wild-type CT-26. Binding % was 4.64
(£0.64) for HER-2/neu CT-26 and 0.26 (£0.29) for wild-type
CT-26. The experiment was repeated two times.

/neu CT-26 and wild-type CT-26 cells, in vitro cell binding
assays were performed (Fig. 2). Anti-HER-2/neu mAb was
labeled with '*’L. '*’I- anti-HER-2/neu mAb was bound to 1
X 10° cells of each cell line. The binding percentage of
added doses of antibody was determined by gamma counter
analysis. This experiment was repeated two times. More
than 20 times of radioactivity remained in HER-2/neu
CT-26 compared to wild-type CT26. 4.64% (£0.64) of
added dose is measured with HER-2/neu CT-26 and 0.26
(£0.29) with wild-type CT-26. In this study, we determined
that HER-2/neu CT-26 cells possessed more antigens than
wild-type CT-26.

Gamma camera imaging using "*'I-anti-HER-2/neu mAb

Then, we assessed the in vivo characteristics of anti-
HER-2/neu antibodies with xenotransplanted mouse cancer
model. HER-2/neu CT-26 and wild-type CT26 were injected
in athymic nude mouse: HER-2/neu CT-26 in the right
thigh and wild-type CT26 in the left. 200 pCi of "'I-
radiolabeled anti-HER-2/neu antibody were administrated
intravenously and gamma camera images of the mouse were
obtained at indicated time points after antibody injection; 1 h,
3'h, 20 h, 24 h and 48 h (Fig. 2). After 3 h of injection, the
accumulation of "*'I-radiolabeled anti-HER-2/neu antibody
appeared at the right thigh implanted HER-2/neu CT26 and

increased until 48 h after injection. However, there was no
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signal of accumulation of radio labeled antibody at wild-
type CT26 implanted region until 24 h, although a slight
increase of signal was observed at 48 h. These results show
that in vivo gamma camera imaging could be possible with
radio-labeled anti-HER-2/neu monoclonal antibody as the
antibody binds preferentially to HER-2/neu antigen expressed

tumor even in vivo.

Near infrared optical imaging using IRDye 800CW-
anti-HER-2/neu mAb

Next, we evaluate the potential use of anti-HER-2/neu
antibody for in vivo fluorescence imaging. We chose a
near infrared fluorechrome, IRDye 800CW, which has an
emission wavelength of 794 nm. Anti-HER-2/neu antibody
was conjugated to the near infrared fluorescence and injected
into a mouse bearing HER-2/neu CT26 tumor and wild-type
CT26 tumor. Following anesthetization with 2% isoflurane,
the mice were scanned using the IVIS 200 at various time
points. The obtained images were constructed and nor-
malized with Living image 3D software. At the time point
of 1 h, the signals started appearing in either tumor regions,
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Fig. 3. Gamma camera image of tumor bearing animal model.
The left thigh contained a wild-type CT-26 tumor and the right thigh
a HER-2/neu CT-26 tumor. Anti-HER-2/nex mADb was labeled with
BI1. The image was obtained using a 4 mm pin-hole and a 512 <
512 matrix. At 20 h p.i., *'I-anti-HER-2/neu mAb accumulated in
the HER-2/neu CT-26 tumor region, and with time, radioactivity in
the HER-2/neu CT-26 tumor region became more increased than
in the wild-type CT-26 tumor region.

even slightly higher level in wild-type CT26 tumor region,
and more obvious fluorescent signals appeared in either
tumor regions at 3 h, and these simultaneous signals were
maintained and enhanced until 24 h. However, at 48 h, the
signal of wild-type CT26 tumor diminished, while that of

CT-26 7 min 1 hrs 3 hrs

6 hrs 24 hrs

48 hrs

Fig. 4. Direct comparison of near infrared fluorescence imaging
of HER-2/neu CT-26 and wild-type CT-26. Anti-HER-2/neu mAb
was labeled with IRDye 800CW, near infrared fluorescence dye.
Each image was normalized by Living 3D image software. Image
was acquired from 7 min to 48 h p.i..

3.50
3.00
2.50
2.00 A
1.50

1.00 1

and wild-type CT-26

0.50

The ratio of HER-2/neu CT-26

0.00 T T T T T 1
0 10 20 30 40 50 60

Time (h)

Fig. 5. HER-2/neu CT-26 to wild-type CT-26 ratios in near infrared
fluorescence images. ROIs were drawn in tumor region using the
Living Image 3D program. The HER-2/neu CT-26 to wild-type
CT-26 ratio was 1.56 at 5 min and 3.04 at 48 h, and this ratio rapidly
increased at 24 h p.i..
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HER-2/neu CT26 tumor persisted. The ratio of fluorescent
signal between the regions of HER-2/neu CT-26 and wild-
type CT-26 by ROI analysis of tumor region are shown in
Fig. 5. HER-2/neu CT-26 and wild-type CT-26 ratios clearly
increased from 1.56 at 5 min p.i. to 3.04 at 48 h p.i,
indicating the preferential binding of IRDye 800CW-anti-
HER-2/neu antibody to HER-2/neu CT-26 tumor.

DISCUSSION

A cancer specific marker (or antigen) is an important
element for the characterization of cancer and the devel-
opment of cancer treatment modality. Despite the com-
plexities of the nature of cancer specific markers, targeting
a cancer specific marker being expressed on the surface of
cancer by a specific ligand, could allow diagnosing a stage
of cancer and providing treatment methods. Especially, the
cancer specific markers could be used for in vivo imaging.
Patients with breast cancer that overexpress HER-2/neu have
a significantly lower survival rate and a shorter time to
relapse (Slamon et al., 1987). Also, high levels of HER-2/neu
expression have been positively correlated with lymph node
metastasis in breast cancer (Lacroix et al., 1989; Tan et al.,
1997). Some studies have suggested that high level HER-2/
neu expressions are positively correlated with resistance to
certain anti-cancer drugs and radiation-therapies (Yu et al.,
1998; Arteaga et al., 1994).

The radioimmunotherapy (RIT) is a good example of
treatment using cancer specific marker. RIT is a form of
targeted therapy that uses parent mAbs to deliver radio-
activity, which is emitted by a conjugated radioisotope, to

antigen positive tissues (Kraeber-Bodéré et al., 2014). Tumor

cells are damaged by the combined effects of the antibody
and ionizing radiation (Read et al., 2014). During the past
years, the U.S. Food and Drug Administration approved
two RIT pharmaceuticals for the treatment of non-Hodgkin's
lymphoma, i.e., the anti-CD20 monoclonal antibodies,
“Y-ibritumomab tiuxetan (Zevalin) and "*'I-tositumomab
(Bexxar). Moreover, several new radioimmunoconjugates
are currently being evaluated in clinical trials (Sharkey and
Goldenberg, 2005). The monoclonal antibody to HER-2/neu,
Trastuzumab/Herceptin, has been approved by Federal
Drug Administration (FDA) for the treatment of tumors
that express high levels of HER-2/neu and it has a good
therapeutic effect. However, combined therapies, such as,
antibody and chemotherapy, antibody and radio therapy
(RIT) have been studied (Pfeiffer et al., 2007).

In order to evaluate the potential use of HER-2/neu
antigen and its ligand anti-HER-2/neu mAb for in vivo
imaging, we studied in vivo and in vitro characteristics of
an anti-HER-2/neu monoclonal antibody. First of all, we
tested if the anti-HER-2/neu antibody can be labeled with
radioisotopes. lodo-bead method was used for preparing
radioiodine labeled antibody. As seen in Fig. 1, the antibody
was successfully labeled with *'T and the labeling efficiency
was 94% after thin layer chromatography (TLC) verification.
Then, the binding ability of radiolabeled antibody to HER-2/
neu antigen was tested. The HER-2/neu expressing cancer
cell line, HER-2/neu CT26 was incubated with '*I-labeled
antibody, and after washing, the remaining radioactivity was
measured by using a gamma counter. More than 20 times
of radioactivity are measured with HER-2/neu expressing
CT26, compared to control cell line, CT26 (Fig. 2). Although

it was not possible to show statistical meaning, because of

Table 1. The nuclear properties of radioiodine isotopes

Radio nuclide Physycal half life éiﬁg%ﬁgg) Possible application
I-123 13.2 hours Electron capture (159 KeV) Imaging (SPECT)

1-124 4.2 days Beta + (511 KeV) Imaging (PET)

I-125 60 days Electron capture (X ray: 34 KeV) In vitro and imaging

I-131 8 days Beta - (364 KeV) (Beta rays for therapy) Imaging (SPECT), therapy

SPECT = Single Photon Emisstion Computed Tomography, Gamma Camera

PET = Positron Emission Tomography
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Table 2. Spectral properties of representative fluorescence dyes

Fluorescence dye Excitation wavelength Emission wavelength Possible application
FITC 493 nm 518 nm In vitro
Texas Red 593 nm 618 nm In vitro
Cy5.5 692 nm 712 nm In vitro and In vivo
ICG (IRdye 800) 777 nm 794 nm In vitro and In vivo

a limitation of experiments, this result could demonstrate
that the radiolabeled antibody is able to interact specifically
with HER-2/neu antigen. We have used 2 different radio-
iodines to verify if antibody labeling is influenced by
different type of radioiodines. The antibody was successfully
labeled with two different radioiodines with almost same
efficacy (data not shown). As described in Table 1, there
are various types of radioiodine that can be used according
to needs. '**I is used for PET (positron emission tomo-
graphy) imaging and kinetic modeling evaluations because
it emits positrons, whereas "*'I emits the gamma-photons
and PB-particles, which allow it to be used for imaging and
therapy (Buchsbaum et al., 1993; Kaminski et al., 1992). It
seems to be important to verify if an antibody could be
labeled with various probes. Since anti-HER-2/neu antibody
is feasible for labeling with radio-iodine and fluorescent
probes, two modalities of in vivo imaging could be used.
The in vivo specific targeting of anti-HER-2/neu mAb
was tested through the radio- and fluorescent imaging.
Consistent with in vitro findings, specific targeting of "'I-
anti-HER-2/neu mAb to HER-2/neu antigen was demon-
strated in tumor bearing animal model (Fig. 3). The gamma
camera images of mice bearing HER-2/neu CT-26 tumors
and wild-type CT-26 tumors demonstrated that the accumu-
lations of "*'T were obvious in HER-2/neu CT-26 tumors
but not in wild type tumors (Fig. 3). Uptake ratios between
HER-2/neu CT-26 and CT-26 (HER-2/neu CT-26 to CT-26)
started to increase slightly at the time point of 3 h. This

increase was clearer at 20 h and maximized at 48 h (Fig. 3).

Also, HER-2/neu CT-26 specific antibody binding was tested
with in vivo fluorescent images. Specific binding of IRDye
800CW (a near infrared fluorescing dye) labeled anti-
HER-2/neu mAb showed markedly more fluorescence at
HER-2/neu expressing tumor than the wild-type tumor (Fig.

4). Since the fluorchromes with short emission wavelength,
FITC, Texas Red, have some limitations for in vivo imaging,
IRDye 800CW was used. This near infrared flourchrome
has a longer emission wavelength even than Cy5.5, which
is generally used for in vivo imaging with an emission
wavelength of 712 nm (Table 2). As expected, significant
fluorescent signals appeared at 3 h after antibody injection
in the both tumors, even, wild type tumor showed a stronger
signal. But, after 6 h, strong fluorescent signals appeared at
HER-2/neu expressing tumor. This signal pattern continued
until 48 h, where the wild type tumor signals were clearly
decreased at 48 h time point. The increase of signal ratio of
HER-2/neu CT-26 to CT-26 is more clearly demonstrated
in Fig. 5, indicating preferential binding of IRDye 800CW-
anti-HER-2/neu antibody to HER-2/neu CT-26 tumor. With
all these in vivo imaging data, we could visually analyze
the specific biodistribution of the injected antibody. Also, it
is important to note that the increased localization of anti-
bodies in HER-2/neu CT-26 region about 24 h after injection
was observed even by 2 different imaging modalities. This
may indicate that the localization of antibodies we observed
was a real in vivo behavior of the antibody. In conclusion,
our study demonstrates and confirms clearly that in vivo
imaging technique is suitable for this purpose, as we char-

acterized anti-HER-2/neu antibody.
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