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Abstract

Near-infrared photoimmunotherapy (NIR-PIT) is a new type of cancer treatment,
which was recently approved in Japan for patients with inoperable head and neck
cancer. NIR-PIT utilizes antibody-IRDye700DX (IR700) conjugates and NIR light at a
wavelength of 690 nm. NIR light exposure leads to physicochemical changes in the
antibody-IR700 conjugate cell receptor complex, inducing rapid necrotic cell death.
Just as fluorescence guided surgery is useful for surgeons to resect tumors com-
pletely, real-time information of tumor locations would help clinicians irradiate NIR
light more precisely. IR700 is a fluorescence dye that emits at 702 nm; however, there
is no clinically available device optimized for detecting this fluorescence. On the
other hand, many indocyanine green (ICG) fluorescence imaging devices have been
approved for clinical use. Therefore, we investigated whether LIGHTVISION, one
of the clinically available ICG cameras, could be employed for tumor detection. We
hypothesized that irradiation with even low-power 690-nm laser light, attenuated by
99% with a neutral-density filter, could be detected with LIGHTVISION without fluo-
rescence decay or therapeutic effect because of the long emission tail of IR700 be-
yond 800 nm (within the detection range of LIGHTVISION). We demonstrated that
the LIGHTVISION camera, originally designed for ICG detection, can detect the tail
of IR700 fluorescence in real time, thus enabling the visualization of target tumors.
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a variety of antibodies and tumor types.*” A phase 1/2 clinical trial
using EGFR-targeted cetuximab-IR700 (ASP-1929) in patients with

Near-infrared photoimmunotherapy (NIR-PIT) is a new type of can-
cer therapy that employs an antibody labeled with a photosensi-
tizer, IRDye700DX (IR700). An antibody-photosensitizer conjugate
(APC) specifically binds to antigen-expressing cells, and subsequent
exposure to NIR light (approximately 6920 nm) selectively kills tar-
geted cells.® This concept has been successfully demonstrated in

inoperable head and neck cancer has finished with a remarkable
response rate (https://clinicaltrials.gov/ct2/show/NCT02422979)
in early 2018. The first EGFR-targeting NIR-PIT drug received qual-
ified approval from the Japanese Ministry of Health, Labor and
Welfare in September 2020, and fast-track designation from the US
Food and Drug Administration (FDA). Currently, a global phase 3
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FIGURE 1 A, Excitation and emission spectrum of Tra-IR700. B, Schema of the experimental setup. C, LIGHTVISION images of N87-
GFP/luc tumor-bearing mouse excited by weak-output-power near-infrared (NIR) laser 1 day after Tra-IR700 injection. A white arrowhead
indicates the location of the subcutaneous tumor. D, Fluorescence images of N87-GFP/luc tumor-bearing mouse obtained by Pearl Imager
and LIGHTVISION. A laser at 1.0 mW/cm? output power was used for LIGHTVISION imaging. A white arrowhead indicates the location of
the subcutaneous tumor. E, Target-to-background ratio in each imaging device. Data are shown as mean + SEM (n = 7, *P < .05)
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clinical trial is ongoing (https://clinicaltrials.gov/ct2/show/NCT03
769506).

As NIR-PIT requires that light be delivered to the entire tumor, it
is significant to determine the accurate spread of lesions prior to NIR
light irradiation. Imaging modalities such as computed tomography
(CT), magnetic resonance imaging (MRI), and positron emission tomog-
raphy (PET) provide detailed information about tumor location prior
to treatment, but during treatment options are limited. One promising
method is to take advantage of the fluorescence of IR700, which is ex-
cited at about 690 nm and emits at a peak of 702 nm but has a long tail
of fluorescence extending beyond 800 nm. Among the dyes approved
for clinical use, indocyanine green (ICG) is the most successful because
of its low toxicity and deeper tissue penetration.s'11 As aresult, several
commercially available imaging systems for ICG have been developed.

The purpose of this study was to demonstrate the feasibility
of intratreatment tumor detection using a commercially available
imaging hardware (LIGHTVISION; Shimadzu Corporation, Kyoto,
Japan) originally designed for ICG imaging. We demonstrated that
Trastuzumab-IR700-bound tumor could be visualized by the irradi-
ation of low-output-power NIR light at a wavelength of around 690

nm without therapeutic effect or fluorescence decay.

2 | MATERIALS AND METHODS

Conjugation of dye with monoclonal antibody was performed as pre-
viously described.'?

Detailed materials and methods are described in Data S1.

3 | RESULTS

3.1 | Tumor visualization with low-output-power
therapeutic laser

The wavelength of the therapeutic laser used in NIR-PIT is between
685 nm and 695 nm, and the tail of emission spectrum of trastu-
zumab conjugated with IR700 (Tra-IR700) extends to over 800 nm
(Figure 1A). Therefore, we examined whether the LIGHTVISION
camera could detect tumors when they were irradiated with low-
output-power laser at 685-695 nm. This is the same laser light used
in NIR-PIT but at a much lower power setting. The experimental
setup is shown in Figure 1B. Tumor was irradiated with the thera-
peutic laser whose output power was attenuated with an neutral-
density (ND) filter, and emission light from tumors was detected by
LIGHTVISION. The skin contralateral to the tumor was also irradi-
ated to measure background fluorescence. Subcutaneous tumors
could be visualized by the irradiation of 690 + 5 nm laser at a photon
density of at least 0.5 mW/cm? (Figure 1C). 1.0-mW/cm2-output-
power lasers were used in subsequent experiments. When using
LIGHTVISION, Target-to-Background ratios (TBRs) of 55.1 were
produced, which were higher than TBRs of 6.0 when using Pearl
Imager (Figure 1D and E).

3.2 | Weak laser irradiation shows no therapeutic
effect and fluorescence decay

We examined whether 1.0-mW/cm?-output-power laser showed a
therapeutic effect in vitro. Up to a light dose of 0.1 J/cm? irradiation,
no increase of cell death was observed (Figure 2A). This was also ob-
served with the 2.0-mW/cm2-output-power laser which showed no
therapeutic effect up to the light dose of 0.1 J/ecm? irradiation (Figure
S1). Next, we examined whether fluorescence decay was observed
during weak-output-power laser irradiation. Fluorescence decay
indicates photobleaching of the dye with possible implications for
therapeutic effect. Absence of fluorescence decay implies absence
of photobleaching. Tumor fluorescence intensity was monitored dur-
ing irradiation with the laser at 1.0 mW/cm? output power. Compared
with the fluorescence intensity at O minutes, no statistically signifi-
cant fluorescence decay was observed after 5, 10, and 15 minutes of
irradiation (Figure 2B and C). Histologically, only the specimens of 1.0
J/cm? irradiation showed necrotic cell death (Figure 2D).

4 | DISCUSSION

Optical imaging is a powerful tool to detect tumors in real time. In
NIR-PIT, in order to set the light irradiation field accurately, it is con-
sidered beneficial to provide real-time feedback of tumor locations.

IR700 is a phthalocyanine-based dye, which has a large extinc-
tion coefficient and high fluorescence quantum vyield. Therefore,
although the emission peak of IR700 is about 100 nm shorter than
that of ICG, we speculated LIGHTVISION had the potential to
detect the IR700 fluorescence. A laser with 150 mW/cm? output power
was used for treatment in the ongoing clinical trials, but a laser with
weaker output power was preferable for the purpose of diagnostic im-
aging. We tried lasers with 0.5 mW/cm?, 1.0 mW/cm?, 1.5 mW/cm?,
and 2.0 mW/cm? output power, and it was possible to detect tumors
even with laser irradiation with an output of only 1.0 mW (Figure 1C).
Interestingly, up to 0.1 J/em? irradiation using low-output-power laser,
neither photobleaching nor cell damage was observed (Figure 2). Thus,
for the first 100 seconds of NIR irradiation, the tumors can be imaged
without fear of causing cell damage. This method of imaging is relatively
low-cost, portable, and provides real-time information. In addition, im-
aging over 800 nm wavelength that was ~100 nm off the emission peak,
where there is no conflict with the excitation light, can achieve lower
background signal and higher TBR due to less autofluorescence and
scattering and deeper penetration than imaging at 700 nm.

This study has several limitations. The first limitation is the use of
a single xenograft tumor model, which does not reflect the full rep-
ertoire of cells in a tumor microenvironment unlike orthotopic mod-
els. 13 Therefore, in order to confirm the feasibility of this method,
further clinical studies will be needed. Additionally, in this study, we
used LIGHTVISION as an imaging modality, but many similar de-
vices are commercially available now.**> Each device has its own
light source to excite ICG, optics for ICG fluorescence collection,

and charge-coupled device detector. Different device properties
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FIGURE 2 Therapeutic effect and fluorescence decay by weak near-infrared (NIR) laser. A, Cell viability after weak NIR laser irradiation
(1 mW/cm?). Cell viability was measured by propidium iodide (PI) staining. Data are presented as mean + SEM (n = 4, *P < .05 vs no light
exposure group). B, Time course of tumor fluorescence intensity during weak NIR laser irradiation (1 mW/cm?). C, Relative change in
fluorescence intensity when irradiated for 5, 10, and 15 minutes. The fluorescence intensity at O minutes was calculated as 100%. Data are
presented as mean + SEM (n = 6). D, H&E staining of N87 tumors irradiated by 1-mW/cmZ-output-power laser (scale bar = 100 um). Necrotic

cell death area was surrounded by black dot line

cause differences in imaging performance. Therefore, although
LIGHTVISION worked very effectively in this study, it is not guaran-
teed that other devices will work equally.

In conclusion, LIGHTVISION, a currently available ICG-imaging
camera, was suitable to visualize NIR-PIT target tumors by the irra-
diation of IR700-conjugated antibodies with very-low-output-power
therapeutic laser. This method demonstrates that a camera designed
for ICG can also provide real-time feedback of tumor locations prior
to NIR-PIT based on IR700 fluorescence.
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