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Intraoperative, real-time fluorescence imaging may significantly improve tumor visualization and resection and
postoperatively, in pathological assessment. To this end, we sought to determine the optimal FDA approved
therapeutic monoclonal antibody for optical imaging of human cutaneous squamous cell carcinoma (cSCC). A near-
infrared (NIR) fluorescent probe (IRDye800) was covalently linked to bevacizumab, panitumumab or tocilizumab and
injected systemically into immunodeficient mice bearing either cutaneous tumor cell lines (SCC13) or cutaneous human
tumor explants. Tumors were then imaged and resected under fluorescent guidance with the SPY, an FDA-approved
intraoperative imaging system, and the Pearl Impulse small animal imaging system. All fluorescently labeled antibodies
delineated normal tissue from tumor in SCC13 xenografts based on tumor-to-background (TBR) ratios. The conjugated
antibodies produced TBRs of 1.2-2 using SPY and 1.6-3.6 using Pearl; in comparison, isotype control antibody IgG-IRDye
produced TBRs of 1.0 (SPY) and 0.98 (Pearl). Comparison between antibodies revealed them to be roughly equivalent
forimaging purposes with both the SPY and Pearl (p = 0.89 SPY, p = 0.99 Pearl; one way ANOVA). Human tumor explants
were also imaged and tumor detection was highest with panitumumab-IRDye800 when using the SPY (TBR 3.0) and Pearl
(TBR 4.0). These data suggest that FDA approved antibodies may be clinically used for intraoperative detection of cSCC.

Introduction

Non-melanoma skin cancer is the most common cancer in the
United States and its incidence continues to rise worldwide.'
Cutaneous squamous cell carcinoma (cSCC) is the second most
common subtype of nonmelanoma skin cancer, accounting for
15-39% of all skin malignancies. Unlike almost all cases of basal
cell carcinoma, squamous cell carcinoma has a substantial risk of
metastasis (1.9—47%)%3 and recurrence (5.7-8.1%). Given this
potential to behave aggressively, complete excision of the pri-
mary tumor is extremely important in reducing morbidity and
mortality. Surgical excision, by both conventional methods and
Mohs surgery, remains the primary treatment choice for c<SCC
although low risk lesions may be treated with electrodessication
and curettage or cryosurgery.® High risk lesions including large
lesions or recurrent lesions would benefit from methods to con-
firm negative margins.

Unfortunately, cSCC arising on the head and neck is most
commonly associated with incomplete excision and has higher
rates of recurrence and metastasis as compared with ¢SCC on
other parts of the body.>*> Previous studies have demonstrated
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26 In those

undergoing re-excision of previously incompletely excised lesions,

primary incomplete excision rates of 6.3-15.9%.

the incomplete excision rates ranged from 28.6-60%.%” In order
to attain complete resection with conservative margins, Mohs
surgery is most often employed because it has the ability to spare
tissue while achieving margin control as evidenced by low five-
year recurrence rates.*” However, intraoperative histological
sectioning with Mohs surgery is still a costly, time-consuming
process and cannot be effectively used for large tumors. It is pos-
sible that a real-time imaging modality to visualize cutaneous
cancer may improve efficiency and accuracy in ¢SCC removal.
The development of real-time imaging modalities has focused
on the exploitation of the near-infrared (NIR) region (700—
900 nm), as it has previously been described to have the optimal
characteristics needed for sufficient distinction of tumor from
normal tissue." Fluorophores emitting light in the 800-nm region
generate better tumor-to-background ratios (TBR) because of
increased depth penetration and lower nonspecific fluorescence.
The identification of the best targeting strategy to detect can-
cer by NIR fluorescence, however, has proven more challenging.
Many techniques have been proposed, but initial steps with FDA
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calculated according to materials and
methods. As shown in Table 1, all three
fluorescently-labeled antigen specific
antibodies produced stronger signals as
compared with IgG-IRDye800 for both
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IRDye800 labeling were generated using GraphPad Software (B-D).

Figure 1. Antigen specificity is retained after conjugation to IRDye800. Three 96-well black plates
(bevacizumab shown) were coated in lanes 1-6 with recombinant VEGF, EGFR and IL-6R. Lanes 1-3
were incubated for 1 h with varying concentrations of labeled antibody. For control purposes, wells
4-6 were first blocked with purified, unlabeled antibody and then incubated with the same con-
centrations of labeled antibody (A). The wells were imaged and well intensities quantified with the
Pearl impulse imager. Nonlinear regression curves depicting preservation of antigen specificity after

Resection was then accomplished
using the SPY system to guide resec-
tion of the SCCI13 flank tumors (n =
9, average diameter: 7.2 mm, range:
5.1-10.6 mm; average weight: 74.0 mg,
range: 23.7-1204 mg) in real-time
until no grossly or fluorescently visible

approved antibodies have shown great promise and perhaps rep-

ILI2 Because cuta-

resent the best avenue for clinical translation.
neous squamous cell carcinomas are known to express EGFR,"?
VEGE"" and IL-6R,'*" we selected antibodies targeting these
ligands for evaluation. These included panitumumab, beva-
cizumab and tocilizumab, of which, bevacizumab and panitu-
mumab have demonstrated encouraging results in pre-clinical
animal models."®!

The purpose of the current study was to demonstrate the
visualization of ¢SCC with both macroscopic and microscopic
optical imaging modalities when using antibody targeted fluores-
cence. We assessed the currently FDA approved antibodies beva-
cizumab (Avastin), panitumumab (Vectibix) and tocilizumab
(Actemra) with the SPY intraoperative imaging hardware and
Pearl small animal imager. Our secondary aim was to identify
the antibody most suitable for optical imaging with the afore-
mentioned devices.

Results

We first performed a binding affinity test to see if the labeling
reaction with the IRDye800 affected the binding affinities of the
antibody (Fig. 1). We determined that bevacizumab (targeting
VEGF), panitumumab (targeting EGFR) and tocilizumab (tar-
geting IL-6R) retained antigen specificity after fluorescent label-
ing with IRDye800 in vitro.

In order to evaluate in vivo specificity of the antibodies, we
then compared the uptake of the three fluorescently labeled anti-
bodies to the uptake of the nonspecific IgG-IRDye800 in mice
with SCC13 flank tumors. Because the SPY can be used in the
intraoperative setting, tumor fluorescence was initially evaluated
with the SPY and compared with the tumor fluorescence obtained
with the Pearl, which is the gold standard small animal imag-
ing system designed to detect IRDye800 (Fig. 2). TBRs were
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disease remained (figure not shown).
When comparing the antibodies against each other using TBR
values and a one way ANOVA statistical analysis, we found no
difference with either imaging modality (SPY p = 0.89 and Pearl
p =0.99). Thus, with both imaging modalities, all three antibod-
ies achieved appreciable TBRs indicating that the tumor is clearly
differentiated from normal tissue. Conversely, the nonspecific
IgG-IRDye800 produced TBRs of 1.0 (SPY) and 0.98 (Pearl),
demonstrating equivalent fluorescence intensities between tumor
tissue and healthy background tissue and lack of differentiation
needed for surgical resection. Because cross reactivity of murine
antigens is expected to be low for antibodies designed to target
human tissues, the background levels expected in human epithe-
lium is unknown. Therefore, we then evaluated the uptake of
each antibody-dye bioconjugate in a tumor vs. human split thick-
ness skin graft (STSG) to establish the expected background flu-
orescence in humans. The uptake of panitumumab-IRDye800
was evaluated in this way in one of our previous publications.?!
Thus, bevacizumab-IRDye800 and tocilizumab-IRDye800 were
assessed in this study with STSGs. Greater fluorescence was con-
firmed in the tumors vs. the STSGs in all three antibodies (data
not shown). The antibody-dye bioconjugates, therefore, were
expected to attain TBRs high enough to guide resection.
Optical imaging of a human tumor explant model. To
translate the application of optical imaging to human tumors,
we transplanted human tumor grafts from a patient with ¢SCC
into the flanks of nude mice (n = 3). We systemically injected
each mouse with bevacizumab-IRDye800, panitumumab-
IRDye800 or tocilizumab-IRDye800. Tumor fluorescence was
assessed with both the SPY and Pearl prior to resection. As shown
in Figure 3A, all three fluorescently labeled antibodies produced
TBRs higher than healthy tissue. When using the SPY, panitu-
mumab-IRDye800 produced the highest TBR (3.0), followed
by tocilizumab-IRDye800 (2.5) and bevacizumab-IRDye800
(2.1). When using the Pearl, however, panitumumab-IRDye800
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and tocilizumab-IRDye had nearly equiva-
lent TBRs (4.0 vs. 3.9), followed by beva-
cizumab-IRDye800 (2.8).
panitumumab and tocilizumab were all

Bevacizumab,

shown to be adequate antibodies for imaging
human cutaneous SCC tumors (Fig. 3B).

As described above, the SPY system was
used to guide resection. Areas of residual dis-
ease that were not appreciated by palpation
or gross visual inspection could be detected
by fluorescence on the SPY and correlated
with fluorescence detected by the Pearl. The
primary tumor, residual areas of positive
fluorescence and margins were again sent for
histological analysis. Tumor pathology was
confirmed by histology and correlated with
fluorescence detected by the Odyssey scan-
ner (Fig. 4).

Discussion

There has been significant attention to the
development of cancer-specific optical con-
trast agents which could be used in the
operating room to guide real-time surgical
evaluation of surgical margins or involved
regional lymph nodes.!! We assessed FDA
approved antibodies for cancer specific tar-
geting since the barrier to clinical translation
will be lower compared with unique agents.
Because a targeted therapeutic agent has not
been developed for the targeting of cutane-
ous squamous cell carcinoma, we present
data comparing several antibodies com-
pared with one another in this tumor type.
Compared with isotype control or normal
human epithelium, the tumor to background
ratio was higher when the targeted antibody

Gross

Bevacizumab-IRDye

Fanitumumab- [RDye

Figure 2. The antibody-dye conjugates were assessed against IgG-IRDye800. Tumor uptake
and detection of the antibody-dye conjugates compared with the IgG-IRDye800 control is
shown in mice with SCC13 tumors using the SPY and Pearl systems. The conjugated antibod-
ies produced TBRs of 1.2-2 using SPY and 1.6-3.6 using Pearl; in comparison, isotype control
antibody IgG-IRDye produced TBRs of 1.0 (SPY) and 0.98 (Pearl). However, comparison between
antibodies revealed them to be roughly equivalent for imaging purposes with both the SPY

was assessed. Although all three antibodies

and Pearl (p = 0.89 SPY, p = 0.99 Pearl; one way ANOVA).

demonstrated good contrast and therefore
good tumor-to-background ratios, none were significantly better
than the other.

This is the first study to evaluate the potential benefit of optical
imaging in cutaneous cancer which is amendable to optical imag-
ing because of the surface nature of this disease. Furthermore, we
demonstrate that conventional operating room equipment can
be used to image antibody labeled with IRDye800. We demon-
strate that each antibody has similar tumor-to-background ratios,
although the Pearl imaging system is cleatly superior to the SPY
imaging system. In the last decade, the field of optical imag-
ing has shown incredible growth. Almost half of all articles on
optical imaging of cancer have been published in the past 5 y.**
Multiple strategies have been investigated including quantum
dot nanoparticles as a targeting ligand,? bioluminescent imag-
ing (BLI) using luciferase vector,* and cleavable NIR probes that

are activated by proteases secreted by tumors.?** Quantum dots,

www.landesbioscience.com

however, exhibit serious toxicity concerns and BLI is not feasible
in humans as it requires genetic alterations of the cancer cells.
Agents targeting proteases are also unsuitable as cathepsins and
matrix metalloproteinases are not only produced by cancer cells,
but also macrophages and neutrophils.?” Antibodies thus present
themselves as the most promising imaging agent because of their
established pharmacokinetics and safety in humans. These thera-
peutic agents have already successfully undergone phase III trials
and greatly reduce any translational risks.

This is the first study using tocilizumab as a potential tumor
targeted imaging agent. Though its pattern of expression has
not been specifically investigated in cSCC, IL-6R is known
to be expressed in head and neck SCC.'®"” However, IL-6 is a
multifunctional cytokine that regulates immune responses and
acute phase reactions,? and therefore its receptor may not prove
to be a specific tumor marker. Because an immunosuppressed
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Table 1. Antibody comparison to nonspecific IgG in SCC13 flank tumors

SPY Avg antibody TBR IgG TBR
Bevacizumab vs IgG 149 (n=3) 1.021
Panitumumab vs IgG 1.62 (n = 3)

Tocilizumab vs IgG 1.50 (n =3)
PEARL
Bevacizumab vs IgG 270 (n=3) 0.981
Panitumumab vs IgG 2.66 (n=3)
Tocilizumab vs IgG 2.75 (n=13)

p values* 95% ClI
0.07 -0.07458-1.017
0.1 -0.3514-1.551
0.20 -0.6069-1.566
0.03* 0.3055-3.138
0.05* -0.08456-3.447
0.10 -0.8020-4.337

Bevacizumab and panitumumab achieved p values < 0.05 when compared with nonspecific IgG when using the Pearl. All others trended toward statis-
tical significance. "Reflects a single set of IgG experiments that was performed. *Paired t-tests were calculated using GraphPad Prism software.
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Figure 3. The antibody-dye conjugates were evaluated in human tumor explants. Imaging
with the SPY and Pearl in mice with human cSCC tumor explants shows good tumor uptake
and detection (A). Panitumumab-IRDye800 produced a higher TBR with the SPY and Pearl
(B).
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model has limited inflammatory cells, the back-
ground of IL-6R positive cells is not likely to
be in the stromal tissues of the murine model.
Tumor specific antigens such as EGFR and
VEGF are likely to be more tumor-specific in
human tumors. Sweeny et al., has indeed shown
EGEFR to be expressed in approximately 56%
of ¢SCC primary tumors and 58% of regional
metastatic disease.”’ In another study, wide-
spread expression of VEGF was seen in 78% of
cSCC cases examined and also demonstrated a
statistically significant difference (p < 0.001) in
expression when compared with normal skin.?°
These antigens, therefore, present a higher
likelihood of specificity. In our previous work,
panitumumab and bevacizumab have proven
effective for tumor targeting purposes in other
head and neck cancers. In one study, panitu-
mumab-IRDye800 (targeting EGFR) achieved
TBRs of 2.3 (SPY) and 2.9 (Pearl) in oral SCC
in preclinical murine models.” Bevacizumab
conjugated to the Cy 5.5 fluorophore achieved
a sensitivity and specificity of 80.9 and 91.7%
with resections.”” A 2007 study has since shown
IRDye800CW to have better tissue penetration
and produce improved TBRs compared with
Cy5.5,%" leading to our current conjugation and
investigation with IRDye800. In addition to
head and neck cancer, bevacizumab-IRDye800
has also proved to be effective in other cancers
such as ovarian, breast and gastric.? In fact,
a clinical trial investigating the use of bevaci-
zumab-IRDye800 in breast cancer imaging is
currently underway in the Netherlands.*

A possible limitation to our study is the imag-
ing equipment used. The SPY imaging system
is designated for use with indocyanine green
(ICG) in determining blood vessel and graft
patency. This makes the translational potential
higher, but it should be noted that the range
at which ICG can be imaged is 820-840 nm,
whereas the range for IRDye800 is somewhat
lower at 780-800 nm. The wavelengths are
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similar, but this difference may have
contributed to our lower TBRs with the
SPY. Also, the mouse tumors may not be
the best representation of human ¢SCC.
Since the tumors are usually more cir- Bavacizumab-
cumscribed, they do not readily mimic IRDye
the usual presentation of cSCC as a non-
healing ulcer in humans and thus limit
exact evaluation of subclinical disease
and its resection. Lastly, though a study
by Marshall et al. demonstrated no toxic
or adverse effects in rats in doses up to
20 mg/kg,” IRDye800 is not approved
for human use and presents a barrier to
clinical translation. At present, ICG is
the only NIR fluorophore approved for
human use in the US. A major short-
coming of ICG, however, is that it lacks

Panitumumab-
IRDye

Odyssey

a reactive functional group and therefore,
cannot be used to label targeting agents.?

Because most cancers are thCI‘OgC—

neous in nature and may exhibit differ-

Figure 4. Pathologic and fluorescent microscopic imaging of the cSCC human tumor explants.
Tumor cells on H&E correlate with areas of fluorescence using the Odyssey microscopic imager.

ent expression patterns, it may be that
combinations of labeled tumor-targeting agents are necessary
to completely visualize cancers in the surgical bed. Variations
in tumor antigens, both between tumors and within a tumor,
could potentially influence fluorescence intensity. These differ-
ences make the use of probe “cocktails” an encouraging future
direction to undertake.*® The technique of dual wavelength
tumor targeting has been explored in hypopharyngeal can-
cer and breast cancer models.*** Another promising approach
lies in dual-labeling tumor targeting agents to radioactive sub-
stances in order to increase the accuracy of pre and post-oper-
ative radiographic scans. Nguyen et al. successfully used MRI
and fluorescence to decrease residual cancer and improve sur-
vival in a preclinical murine model.>® Perhaps the most impor-
tant subject for future research though, is detection thresholds
of fluorescent agents. The minimal detectable amount of cells
has yet to be determined and has direct implications for clinical
translatability.*4

In conclusion, our data show antibodies to be an effective
tumor targeting strategy in NIR real-time fluorescent imaging
of cutaneous squamous cell carcinoma. This strategy offers the
advantage of utilizing FDA approved agents and warrants con-
tinued clinical investigations.

Materials and Methods

Cell lines and tissue culture. A human tumor explant and one
cSCC cell line (SCC13) were used. The human tumor explants
were harvested from a patient with ¢cSCC receiving surgical treat-
ment at The University of Alabama at Birmingham. The SCC13
cell line was kindly received from the laboratory of Santosh
Katiyar, PhD (University of Alabama at Birmingham). The cell
line was grown and maintained in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal bovine serum (FBS)

www.landesbioscience.com

and supplemented with 1% penicillin, streptomycin and ampho-
tericin B. It was incubated at 37°C in 5% CO,.

Reagents. Bevacizumab (Avastin, Genentech; 149 kDa),
panitumumab (Vectibix, Amgen; 147 kDa) and tocilizumab
(Actemra, Genentech; 148 kDa) were the antibodies used. Protein
A purified IgG antibody (Innovative; Ir-Hu-Gf, 30010BM;
146kDa) was used as a control antibody.

NIR fluorescence agents. IRDye800CW (IRDye800CW-
N-hydroxysuccinimide ester, LI-COR Biosciences) was the
fluorescent probe. It has a NIR absorption and emission peak of
7781794 nm. When conjugated to an antibody the absorbance
and emission maximums decrease slightly (774/789 nm).”
Bevacizumab, panitumumab, tocilizumab and IgG were labeled
according to the manufacturers’ protocol. Briefly, the antibodies
were incubated with the IRDye800CW for 2 h and the uncon-
jugated dye was removed by desalting columns (Pierce, Zeba,
89891).

Antigen detection assay. Three different assays were per-
formed for each of the three antibodies. Six lanes of a 96-well
black plate were coated with recombinant EGFR (rEGFR/ErbB1;
400 ng/well/100pnL; Fc Chimera, 344-ER), IL-6R (rIL-6Ra;
400 ng/well/100pL; 227-SR/CF) or VEGF (tVEGF; 100 ng/
well/100 pL; 293-VE/CF) overnight at 4°C. The wells were
blocked for 1 h at room temperature with 1% bovine serum albu-
min (BSA). Wells were then washed with phosphate-buffered
saline (PBS) three times. For control purposes, purified antibody
was added to three lanes of coated wells and allowed to block
for 1 h. Serial dilutions of labeled antibody (0.234375-30 nM
for bevacizumab and tocilizumab; 0.05-6.7 nM for pantiu-
mumab) were then added to all coated wells and incubated for
1 h. Uncoated wells on the same plate were also maintained for
background control. After incubation, the wells were washed
with PBS and imaged using the Pearl (Li-Cor Biosciences). Well
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intensities were quantified using the Pearl Impulse software, ver-
sion 2.0.

Animal models. Nude (nu/nu) mice (Charles River
Laboratories), aged 4-6 weeks, were obtained and housed
in accordance with the Institutional Animal Care and Use
Committee (IACUC) guidelines. All experiments were
conducted and the mice euthanized according to TACUC
guidelines.

For the SCC13 flank model, mice (n = 10) received subcu-
taneous injections of SCC13 cells (2 x 10°) suspended in media
(200 wL). Tumor size was monitored weekly until they reached
25 mm?. The mice were then systemically injected with one of
the three fluorescently labeled antibodies or IgG (50-100 pg).
For the human tumor explant model, the skin from the back of
nude mice was excised and the tumor explants sutured in place
with absorbable suture. These were monitored for several days
prior to injection to ensure the grafts survived the explantation
process.

Fluorescence imaging and measurement. The SPY imaging
system captures fluorescent light using a charged couple device
video camera at 30 frames per second and displays it on a com-
puter monitor.*® This system was used to guide tumor resections
at 48-96 h post injection of the fluorescently-labeled antibodies.
Since the Pearl Impulse small animal imaging system (LI-COR
Biosciences) is specifically designed to image IRDye800, the
animals were also imaged by this device in order to verify and
co-localize the fluorescence seen by SPY. Following tumor and
margin resections, the excised tissues were placed in cassettes and

imaged with both the SPY and the Pearl. In vivo fluorescence
detected with the SPY machine was quantified using Image]J soft-
ware.” Fluorescence intensity was measured by selecting several
regions of interest (ROI) within the tumor and calculating the
mean value. Subsequently, a tumor-to-background ratio (TBR)
was calculated based on the fluorescence intensity from a sample
of normal tissue adjacent to the tumor border.

For the human tumor explant model, fluorescent microscopy
of histologic sections was performed using the Odyssey scanner
(LI-COR Biosciences). Co-localization of the fluorescent signal
with tumor was performed by overlaying the Odyssey-acquired
fluorescent image with the microscopic H&E image.

Statistical analysis. To compare the TBRs for each antibody
in the SCC13 tumor model, a one-way ANOVA with Tukey’s
post-test was performed using GraphPad Prism version 5.04 for
Windows, GraphPad Software, www.graphpad.com. Error bars
represent the standard deviation. TBRs of each antibody-dye
bioconjugate were also compared with the control IgG-dye con-
jugate using paired t-tests. Statistical significance was considered

p < 0.05.
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