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ABSTRACT

Introduction

Incomplete tumor resections occur frequently in patients undergoing breast-
conserving surgery. Intraoperative near-infrared (NIR) fluorescence imaging is a
novel technique to assess the extent of disease during surgery. The current study aimed
to investigate whether tumor-targeting monoclonal antibodies conjugated to a NIR
fluorescence dye could detect primary breast carcinomas in a syngeneic rat model and
be used for image-guided resection.

Methods

The monoclonal mouse antibody MG, directed against epithelial rat tumor cells, was
conjugated to the NIR fluorescent IRDye™800-CW (MG1-CW800) and purified to
homogeneity. The isotype-matched irrelevant antibody UPC10 was used as a control.
Tumor specificity of MG1-CW800 was assessed using the MCR86 rat breast cancer
cell line. In vivo tumor targeting was assessed in female WAG/Rij rats carrying EMR86
breast tumors. The Mini-FLARE imaging system was used for intraoperative image-
guided resection of EMR86 tumors.

Results

MG1-CW800 bound specifically to MCR86 tumor cells and could identify EMR86
breast tumors in rats using NIR fluorescence. The tumor-to-background ratio (TBR)
was highest 24 h after intravenous administration (2.81 £ 0.74). Although UPC10-
CW800 did not bound to MCR86 cells, clear tumor demarcation was observed after
intravenous injection in EMR86 bearing rats (TBR = 2.95 + 0.67). Using MGI-
CW800, all tumors could be resected under direct image-guidance. MG1-CW800
signal corresponded with histological tumor demarcation.

Conclusion

This study demonstrated that tumor-targeted antibodies conjugated to NIR
fluorescence dyes can identify breast tumors in a syngeneic rat model. However, as
the control antibody obtained similar in vivo results, the ‘enhanced permability and
retention effect’ may be an important factor.
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INTRODUCTION

During breast-conserving surgery, the surgeon has to rely on palpation and visual
inspection to discriminate tumor tissue from normal tissue. The distinction between
tumor and normal tissue is often not evident, resulting in irradical resections in 5
to 40% of patients undergoing breast-conserving surgery, which requires additional
resection or intensified radiotherapy regimens.'? Local recurrence rates following
breast-conservative therapy of 6.7 to 11% are reported,* which can be explained by
remnant tumor tissue that is not identified during surgery. Loco regional recurrences
are associated with a decrease in overall survival.* Therefore, there is a need for a
diagnostic tool that can discriminate tumor tissue from normal tissue in real-time
during surgery.

Near-infrared (NIR) fluorescence imaging is a technique that has the potential
to fulfill this need. NIR light (700 - 900 nm) can penetrate millimeters to centimeters
into tissue without the use of ionizing radiation.” Several imaging systems have
recently become available that are capable of visualizing NIR fluorescence in real-
time (reviewed in °). Besides these imaging systems, tumor-targeted NIR fluorescent
contrast agents (“probes”) are necessary to visualize cancer cells. Various mechanisms
are available for probes to target tumor cells: they can target increased metabolism,’
upregulated enzymes,*° or specific cell surface markers."! Besides these targeted
strategies, a non-targeted approach has been suggested that exploits the so-called
‘enhanced permeability and retention (EPR) effect’'? The EPR effect is the phenomenon
that macromolecules tend to accumulate in tumor tissue much more than they do in
normal tissues, which is most probably due to fact that tumors have abnormal ‘leaky’
neovasculature having endothelial cells with wide fenestrations and lack of smooth
muscle layer (Figure 1).

The current study focuses on the use of tumor-targeted antibodies for NIR
fluorescence image-guided surgery. Ample clinical experience exists on the use of
antibodies in breast cancer, which have been employed for diagnostic imaging,'* *
and therapeutic purposes.'>'¢ Moreover, preclinical studies have successfully exploited
antibody-based NIR fluorescence tumor targeting.'” '* However, these studies were
performed in transgenic animal models and lack an adequate isotype-matched control
antibody. In this study, we used an antibody directed against epithelial rat tumors,
which has been evaluated in a syngeneic rat model of colorectal cancer for the
application of immunotherapy and radioimmunotherapy.’** The aim of the current
study was to construct an NIR fluorescent tumor-targeted antibody and to validate
the intraoperative use of this probe during tumor resection and to compare it with the
performance of an isotype-matched irrelevant antibody to control for the EPR effect.
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MATERIAL AND METHODS

Animal model

All animals were housed in the animal facility of Leiden University Medical Center.
Pellet food and fresh tap water were provided at libitum. The weight of the animals was
followed throughout the experiment to monitor their general health state. Throughout
imaging and surgical procedures, the animals were anesthetized with inhalation of
2% mixture of isoflurane in oxygen. The Animal Welfare Committee of the Leiden
University Medical Center approved the study. The study was conducted in concordance
with the “Guidelines for the Welfare of Animals in Experimental Neoplasia” (Second
edition, 1997) available online at http://www.ncrn.org.uk/csg/animal_guides_text.pdf.

The EMR86 model is a hormone-dependent, transplantable, metastasizing
mammary carcinoma that originated in a female WAG/Rjj rat bearing a subcutenously
implanted estrogen pellet and has been described previously.” > EMR86 tumor cells
show strong nuclear expression of the estrogen and progesterone receptor, but stain
negatively for the human epidermal growth factor receptor 2 (HER2/neu). Therefore,
EMR86 tumors closely resemble the luminal A molecular subtype. Orthotopic breast
tumors are induced after implantation of fresh EMR86 tumor fragments of 1 mm’
into the mammary fat pad at four sites in 4 to 6 months old female WAG/Rjj rats
(Harlan, Horst, The Netherlands) with simultaneous implantation of an estrogen
pellet in the intrascapular region of the neck. After four weeks, tumors reach a volume
of approximately 1 cm?, at which time point the experiments were conducted.

Factors responsible for enhanced permeability and retention
1. angiogenesis with abnormal architecture and defective endothelial cells

. pathophysiological factors (bradykinin, nitric oxide, p landins etc.) ent
3. lack of lymphatic drainage

normal tumor
tissue tissue

S

molecules

endothelial
cells

Figure 1. Schematic representation of the ‘enhanced permeability and retention effect.
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Immunohistochemistry and in vivo homing

MG1 is an IgG2a mouse monoclonal antibody (Antibodies for Research Applications,
Gouda, The Netherlands), which originated in Balb/c mice after immunization
with CC531 colon adenocarcinoma cells that are syngeneic to WAG/Rijj rats.”> MG1
recognizes an 80 kDa cell surface antigen on rat cancer cells of epithelial origin, with
minimal cross-reactivity with other tissues.”> To assess the specificity of MG1 for
EMRS6 breast tumors, 4 pm cryosections of snap frozen EMR86 tumors were stained
with MG1 as described previously.”? The IgG2a mouse antibody UPC10 (Sigma Aldrich,
Zwijndrecht, The Netherlands), which is directed against 3-2-6-linked fructosan, was
used as an isotype-matched irrelevant control antibody.**

In vivo homing of MG1 to EMR86 tumors was tested by injection of 200 ug of
MG]1 or UPC10 antibody in 500 uL PBS in the tail vein of EMR86 tumor bearing rats
(N = 6 rats, 24 tumors). 24 h after injection, rats were sacrificed and tumors and organs
were harvested and snap-frozen on dry ice. Frozen tissue was sectioned and stained as
described above, with the exception that no primary antibody was applied.

Construction of NIR fluorescence probes

The NIR fluorescent IRDye 800CW-NHS (LI-COR, Lincoln, NE) was purchased as
a dry powder and resuspended to 10 mM in anhydrous dimethyl sulfoxide (DMSO;
Sigma Aldrich) under reduced light conditions and stored at -80 °C until used for
conjugation.

Preservatives were removed from the solution containing MG1 antibodies
using gel filtration chromatography with Zeba spin desalting columns with a cut-oft
of 7 kDa (Thermo Fisher Scientific, Etten-Leur, The Netherlands). The purified sample
was then concentrated using Vivaspin columns (Sigma Aldrich) with a cut-off of 30
kDa and was reconstituted in phosphate-buffered saline (PBS) at pH 7.8. Antibody
concentration was estimated using absorbance spectrometry (UltroSpec, Amersham,
UK;e,, = 180,000 M cm™).

IRDye 800CW-NHS was added dropwise to the purified MG1 solution, while
maintaining a pH of 7.8. The reactant was gently shaken for 4 h at room temperature.
Unreacted dye was separated from conjugated antibodies (MG1-CW800) by gel
filtration chromatography with Zeba spin desalting columns with a cut-off of 7kDa. The
labeling ratio of the purified sample was then analyzed using absorbance spectrometry,
using the extinction coefficients of MG1 (e, = 180,000 M cm™) and CW800 (e,
= 240,000 M! cm™) in PBS, with correction for 6.5% of measured absorbance at 280
nm of CW800: Ratio = (Abs /€. )/ ((Abs -0.065* Abs_.. )/e_ ). The

785nm 785nm 280nm 785nm

same protocol was applied to construct UPC10-CW800.

280nm
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In vitro confirmation of specificity of MG1-CW800

In vitro cell binding of the newly constructed NIR fluorescent probe MG1-CW800
was tested in the rat breast cancer cell line MCR86, which is recognized by MG1.%
The characteristics of the cell line and the culture conditions as well as the methods
for fluorescence measurements have been described previously.’ In short, cultured
tumor cells were harvested, washed and transferred to a 96-well acrylate plate (Greiner
Bio-one, Alphen aan de Rijn, The Netherlands, #655090; suitable for fluorescence
measurements). For the binding experiments, 16,000 cells were transferred per
well, unless stated otherwise. After 24 h of incubation, cells were washed and MG1-
CW800 (6.7 nM to 26.7 nM, 200 pl) was added. In a competitive blocking experiment,
unconjugated MG1 was mixed with a fixed MG1-CW800 concentration in order to
obtain concentrations of 6.7, 26.7 and 53.4 nM of unconjugated MG1 and 6.7 nM of
MG1-CW3800, and 200 pl of the mixtures was added to the cells. After incubation of 1
h, cells were washed and fluorescence intensity was measured using the Odyssey NIR
fluorescence scanning device (LI-COR, Lincoln, NE). Overlying grids were drawn and
integrated intensity was calculated for each well using the Odyssey software (Version
2.1; LI-COR, Lincoln, NE) and corrected for baseline fluorescence signal. UPC10 and
UPC10-CW800 were used in a negative control experiment.

In vivo tumor targeting

Tumor bearing rats (N = 14 rats, 55 tumors) were injected into the tail vein with 200
ug of MG1-CW800, UPC10-CW800 or unconjugated IRDye 800CW carboxylate (LI-
COR). Rats were imaged at 24 h, 48 h and 120 h after injection of the NIR fluorescent
probe using the IVIS Spectrum multispectral imager (Caliper LifeSciences, Hopkinton,
MA), which allowed separation of the 800 nm signal from the rat’s autofluorescence by
means of spectral unmixing. Signal intensity of tumors and surrounding tissue were
measured in vivo.

Intraoperative NIR fluorescence imaging

Real-time intraoperative NIR fluorescence imaging was performed using the Mini-
FLARE imaging system, which has been described previously.” Briefly, the system
consists of two wavelength isolated light sources: a “white” light source, generating
22,600 Ix of 400-650 nm light and a “near-infrared” light source, generating 7.7 mW
cm? of 760 nm light. Color video images and NIR fluorescence images are acquired
simultaneously and displayed in real-time using custom optics and software. The
system provides the surgeon with real-time images of color video, NIR fluorescence
and a pseudocolored merge of the two for anatomical reference.
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Image-guided resection

Directed by time optimization experiments, EMR86 tumor bearing rats (N = 6 rats,
24 tumors) were injected with 200 pg of MGI-CW800 via tail vein injection and
imaged 24 h thereafter. The Mini-FLARE was positioned at 30 cm above the animal.
Guided by the NIR fluorescence images, a skin incision was made and the fluorescent
hotspots were resected with a margin of approximately 0.5 cm non-fluorescent tissue.
The surgical cavity was inspected for any remnant fluorescence, which, if present, was
resected. NIR fluorescence intensity of organs was assessed in vivo for biodistribution
analyses. Excised tumors were sliced in two parts and snap frozen on dry ice. Tumors
were sectioned at 10 um and air-dried. NIR fluorescence signal was measured using
the Odyssey, after which the sections were stained with hematoxylin and eosin.

Statistical analyses

Statistical analyses and generation of graphs were performed using GraphPad Prism
software (Version 5.01, La Jolla, CA). Continuous variables were analyzed using the
(paired) t-test for comparison of two groups. Homogeneity of variance was assessed
using Levene’s test. Pearson’s correlation coefficients R were calculated for correlation
analyses. All statistical tests were two-tailed and P < .05 was considered significant.

Immunohistochemistry In vivo homing

MG1

Figure 2. Inmunohistochemical confirmation of specificity of MG1 antibodies for EMR86 breast cancer
tumors. Incubation of frozen EMR86 sections with MG1 (upper left panel) and UPC10 antibodies (lower left
panel). In a homing experiment, rats were intravenously infected with 200 ug MG1 or UPC10 antibody 24 h prior
to resection of EMR86 tumors. Staining of frozen sections of these tumors showed presence of MG1 antibodies
(upper right panel) and absence of UPC10 antibodies (lower right panel). Bars represent 100 um.
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RESULTS

Specificity of MG1 antibody for EMR86 breast tumors

Cryosections of EMR86 tumors showed clear staining with MG1 after immuno-
histochemistry and no staining with the UPC10 control antibody (Figure 2). Limited
cross-reactivity with other tissues was observed (data not shown), similar to previous
results in colorectal cancer.”® To determine the in vivo binding capabilities of MG1 to
EMRS6 breast tumors, six tumor-bearing rats (N = 24 tumors) were i.v. injected with
200 pg of MG1 or UPCI10 antibodies. The tumors were excised 24 h after injection.
Immunohistochemical analyses showed adequate homing of the MG1 antibody to the
tumors and no homing of the UPC10 antibody (Figure 2).

Construction and in vitro testing of NIR fluorescent probes

To construct a NIR fluorescent probe, MG1 antibodies were conjugated to the NIR
fluorescent IRDye 800CW. The resulting fluorescent antibody (MG1-CW800) was
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Figure 3. In vitro characterization of MG1-CW800. A. Absorbance and fluorescence spectra of MG1-CW800.
Concentration and labeling ratio were determined using Beer-Lamberts law, as shown in the table. B.
Fluorescence intensity was significantly correlated with the number of MCR86 breast cancer cells (R = 0.98, P <
.0001). C. Fluorescence intensity was significantly correlated with the concentration of MG1-CW800 added to a
fixed number of MCR86 cells (16,000 cells, R = 0.95, P < .0001). D. Specific binding was demonstrated by linear
decrease of fluorescence intensity by adding increasing amounts of unlabeled MG1 (R = -0.73, P = .003).
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separated from reaction products by gel filtration chromatography. The average number
of fluorophores per antibody (labeling ratio) as estimated by absorbance spectrometry
was 1.6 0.4 (Figure 3A). To test if the binding capacities of MG1-CW800 were retained,
cell line experiments were conducted (Figure 3B-D). UPC10-CW800 was used a
control NIR fluorescent probe. Fluorescence intensity was significantly associated
with number of cells (R = 0.98, P < .0001; Figure 3B) and the concentration of MG1-
CW800 (R =0.95, P <.0001; Figure 3C). Blocking of MG1-CW800 binding to MCR86
tumor cells was performed by adding escalating concentrations of unconjugated MG1.
Fluorescence intensity was inversely correlated with the concentration of unconjugated
MG1 (R=-0.73, P=.003; Figure 3D). UPC10-CW800 showed no binding with MCR86
cells (Figure 3B-D). These results demonstrated that the specific binding capacities of
MG1-CW800 to MCR86 cells were preserved.

a MG1-CW800 UPC10-CW800 CW800
L]

X 4-
b 'IJ_J -= UPC10-CW800
[ ]
‘_; 3 -- MG1-CW800
5 -+ CW800
o
2 2
Q
©
2 T T T
21 T T T
S
o
£
'E 0 T T T
0 24 48 120

Time after injection (h)

Figure 4. In vivo NIR fluorescence detection of EMR86 tumors after intravenous injection of MG1-CW800
or UPC10-CW800. A. In vivo imaging EMR86 tumor-bearing female WAG/Rij rats, 24 h after intravenous
administration of 200 ug MG1-CW800 (left), 200 ug UPC10-CW800 (middle panel) or 2 nmol unconjugated
IRDye 800CW carboxylate (right panel). Shown is the image after spectral unmixing (IVIS Spectrum). B. Tumor-
to-background ratios were determined in vivo at t = 0, 24 h, 48 h and 120 h after administration of MG1-CW800,
UPC10-CW800 and IRDye 800CW carboxylate using the IVIS Spectrum (N = 3 rats in each group).
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In vivo tumor targeting NIR fluorescent antibody MG1-CW800

The tumor-targeting properties of the NIR fluorescent antibody MG1-CW800 were
tested in the EMR86 breast cancer rat model using the IVIS Spectrum imaging system
(Figure 4). Both UPC10-CW800 and unconjugated IRDye 800CW carboxylate were
used as a negative control. The tumor-to-background ratios (TBR) were assessed
at 24 h, 48 h and 120 h after injection (Figure 4B). The TBR of rats injected with
MG1-CW800 peaked at the 24 h time point and the mean TBR was 2.81 + 0.74. No
significant difference was observed between the 24 h and 48 h time point (t = 1.11,
P = .82). Imaging after 120 h resulted in a significantly lower TBR compared to the
24 h time point (f = 4.30, P = .001). Rats injected with UPC10-CW800 showed clear
identification of tumors with a mean TBR at 24 h of 2.95 + 0.67. Rats injected with
unconjugated IRDye 800CW carboxylate showed no tumor demarcation. Based on
these results, imaging 24 h after administration of fluorescent probe was selected for
practical purposes.

NIR Fluorescence Color-NIR Merge

Gross anatomy

Macroscopic

Microscopic |

Figure 5. Intraoperative and ex vivo tumor identification with NIR fluorescence. Image-guided resection of an
EMRS6 breast tumor in a rat, 24 h after intravenous administration of 200 pg MG1-CW800 (upper row). Shown
are a color image (left panel), NIR fluorescence image (middle panel) and a pseudocolored merge of the two
(right panel) as shown in real-time during surgery (Mini-FLARE). Ex vivo NIR fluorescence analysis using the
Mini-FLARE of resected specimens shows a clear demarcation of the tumor (T) from the surrounding mammary
tissue (M; middle row). H&E staining and NIR fluorescence measurement (Odyssey) of cryosections of resected
specimens reveal that MG1-CW800 localization corresponds with tumor areas (T = primary tumor, * = tumor
satellites) as determined by histology. Surrounding mammary tissue (M) shows no NIR fluorescence (lower row).
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Intraoperative NIR fluorescence-guided resection of primary breast cancer

Using the Mini-FLARE intraoperative imaging system, all primary breast tumors (N
= 24 tumors, 6 rats) were successfully identified 24 h after intravenous administration
of 200 ug MG1-CW800 (Figure 5A). The technique provided a clear demarcation of
tumor from surrounding mammary fat pad tissue (t = 9.95, P <.0001), with an average
tumor-to-background ratio of 2.78 + 0.74. After resection of the primary tumor under
direct NIR fluorescence-guidance, no remnant fluorescence hotspots were detected.
Histological analyses and fluorescence microscopy (at 800 nm) confirmed that the
NIR fluorescent signal of MG1-CW800 corresponded with the presence of tumor
cells (Figure 5B-C). In addition, immunohistochemical analysis confirmed that MG1
antibody was present at the cell surface of EMR86 tumor cells (data not shown). Next,
the biodistribution of MG1-CW800 was assessed in vivo by quantifying the NIR
fluorescence signal in selected organs of 6 rats 24 h after intravenous administration
of 200 pg MG1-CW800 (data not shown). Because of the renal clearance of the NIR
fluorescent probe, the kidney and the bladder showed attenuated fluorescent signal.
Most organs, however, showed low fluorescent intensities. Conversely, the liver showed
high fluorescence intensity.

DISCUSSION

The current study demonstrated the construction of a NIR fluorescent tumor-targeted
antibody (MG1-CW800) and its validation in a syngeneic rat model of breast cancer.
In vitro characterization showed a linear increase of NIR fluorescence signal with
increasing MG1-CW800 concentration and increasing cell concentration. Specificity
of the binding was shown in vitro by blocking of the NIR fluorescence signal by
addition of unlabeled antibody. During the in vivo experiments, all breast tumors
could be clearly identified by NIR fluorescence after intravenous injection of MGI1-
CW800. Tumor demarcation as identified by intraoperative NIR fluorescence imaging
corresponded to the histological findings.

In vivo, however, animals injected with the NIR fluorescent-labeled UPC10-
CW3800 isotype control antibody, showed similar tumor uptake as MG1-CW800. As
UPC10-CW800 showed no specific binding in vitro, the in vivo tumor uptake can be
attributed to the enhanced permeability and retention effect.'? Previous studies using
radiolabeled UPC10 demonstrated no tumor uptake.?* The NIR fluorophore used in
this study has a molecular weight of 1091 Da, whereas the radiolabel "'Indium has a
molecular weight of 111 Da. A recently published study on novel NIR fluorophores
has demonstrated the influence of the negative net charge of IRDye 800CW on
biodistribution.” Future research should focus on the exploiting the effect of size and
charge on tumor uptake, whilst minimizing background uptake.
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Antibodies are a promising entity to provide contrast during NIR fluorescence
image-guided surgery. In contrast to, for example, enzymatic targeting,””** an antibody
targeting the correct antigen will target tumor cells itself, instead of surrounding tissue.
Indeed, MG1 has been shown to stain virtually all tumor cells,® and similar results have
been reported for antibodies against human targets.?*° Several antibodies are available
for clinical application,'**"3? with a multitude in the process of clinical approval. As the
first fluorophores, including IRDye 800CW, are in the process of clinical approval,” it
is expected that combining such a novel fluorophore with an already clinically available
tumor-targeting agent (for example trastuzumab, bevacizumab and cetuximab) will
encounter less roadblocks from bench to bedside.’** Moreover, as these antibodies
are already employed for novel adjuvant treatment options, as immunotherapy,'> *
radioimmunotherapy,® or pretargeted radioimmunotherapy,’®* these antibodies have
the potential to be used for both intraoperative tumor visualization and perioperative
treatment of residual disease.

For an optimal tumor demarcation using NIR fluorescence probes, tumor
binding needs to be maximized, while minimizing background uptake.* Therefore,
an optimal tumor-targeting NIR fluorescent probe has a high affinity for the targeted
ligand, has low non-specific uptake in non-targeted tissue, and unbound molecules
are cleared rapidly from the body.* Antibodies as MG1 have a molecular weight of
approximately 150 kDa and are therefore macromolecules, which have a relatively
long blood half-life of 330 minutes.* In the current study, a high NIR fluorescence
signal was observed in the liver, which could be caused by specific binding of the
Fc region of the antibody and subsequent degradation of the immune complex by
Kuppfer cells,* or aspecific binding by the liver parenchyma due to the surface charge
and hydrodynamic diameter of MG1-CW800. Although the uptake in the liver would
not directly hamper the ability to demarcate breast tumors (as opposed to intra-
abdominal tumors, where this could be a significant impairment*?), lower aspecific
uptake will decrease the required dose and reduce potential side effects. Therefore,
future studies will have to focus on smaller tumor-targeted entities (e.g. peptides,*>*

peptidomimetic molecules,*

or antibody fragments**) that should be combined with
optimized fluorophores, with minimal background uptake, to optimize biodistribution
and clearance properties in order to maximize contrast with minimal dosing.*

In conclusion, this study shows the tumor-targeting capabilities of a newly
constructed NIR fluorescent antibody and its use for intraoperative tumor demarcation
of breast tumors, in a preclinical animal model. An aspecific isotype control antibody
demonstrated similar in vivo tumor uptake, indicating the influence of the enhanced
permeability and retention effect. The use of an antibody based tumor-targeting
strategy permits the use of currently clinically available molecules, could enable
combined use for visualization and treatment and therefore has the potential to be
translated to the clinic in the foreseeable future.
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