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Real-time Fluorescence Imaging with IR700 Signal for Monitoring
the Therapeutic Effects of Near-infrared Photoimmunotherapy
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Aim : Near-infrared photoimmunotherapy (NIR-PIT) is a new, highly selective tumor treatment that employs a
NIR phthalocyanine dye, IRDye 700DX (IR700), conjugated to a monoclonal antibody (mAb). Although NIR light
exposure leads to immediate, target—selective necrotic cell death, actual tumor shrinkage occurs several days
afterwards. Therefore, it is difficult to detect the immediate therapeutic effects by measuring tumor size. This
study investigated IR700 fluorescence changes by means of fluorescence endoscopy as a potential real-time
biomarker for monitoring cytotoxic effects during NIR-PIT.
Methods : 7z vivo mouse experiments were conducted with a human epidermal growth factor receptor type
2-expressing, green fluorescence protein (GFP)-expressing, gastric cancer cell line (N87-GFP). IR700 as a
photosensitizer was conjugated to trastuzumab. The effects of NIR-PIT were evaluated in a flank xenograft
model as well as in a disseminated peritoneal cancer model by GFP and IR700 real-time fluorescence imaging.
Fluorescence intensity was compared before and after NIR-PIT for calculations of relative decreasing of fluores-
cence intensity (DFTI).
Results : Tumor growth was significantly reduced and survival was significantly improved in the IR700 DFI <
25 % group compared with the IR700 DFI >25 % group in Pearl images ($<<0.05) in the flank xenograft model.
In the disseminated peritoneal cancer model, an effective NIR-PIT therapeutic response was observed in the
IR700 DFI <50 % group on fluorescence endoscopy.
Conclusion : IR700 fluorescence signal decrease during NIR-PIT may be a potential immediate indicator of the
therapeutic effects of mAb-IR700-based NIR-PIT prior to the onset of tumor shrinkage. Shinshu Med J 73 : 383—
397, 2025
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. Despite rapid advances in diagnostic and therapeu-
I Introduction . .
tic procedures, cancer remains one of the most deadly
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activatable silica-phthalocyanine dye, IRDye 700DX
(IR700), induces lethal damage to the cell membrane
after NIR-light exposure. NIR-PIT is effective with a
variety of different antibodies conjugated to the same
IR700 dyeZH”. A first-in—human phase 1 trial of epi-
dermal growth factor receptor (EGFR)-targeted NIR-
PIT in patients with inoperable head and neck cancer
was initiated in 2015. In 2021, the Japanese Agency
for Pharmaceuticals and Medical Devices conditionally
approved NIR-PIT for the treatment of previously
treated, recurrent head and neck squamous cell car-
cinoma”?.

Although NIR-PIT induces rapid necrotic/immu-
nogenic cell death in vitro”, the immediate iz vivo
assessment of cell death is challenging since morpho-
logical changes are slow to develop, requiring several
days to become apparentm) ; time is needed for macro-
phages to enter, process, and leave the treated tumor.
Real-time monitoring of the therapeutic effects of
NIR-PIT is desired to ascertain if a NIR-PIT session
has been effective and whether adjustments are
needed, such as additional doses of light or the mAb-
IR700 conjugate, higher light intensity, or a combination
of those factors. Immediate feedback is especially
important during surgical or interventional proce-
dures under endoscopy. Real-time prediction of treat-
ment response has significant implications for intra-
operative or endoscopic treatment planning. During
treatment immediate feedback enables identification
of areas with insufficient therapeutic effect due to
factors such as limited light penetration or uneven
probe distribution. This information allows clinicians
to promptly adjust irradiation parameters, such as
increasing the dose, extending the illumination time,
or selectively re-illuminating suboptimal regions,
thereby enhancing the precision and efficacy of treat-
ment. This approach may contribute to improved
treatment outcomes, reduced overtreatment or under-
treatment, and decreased need for repeated procedures.
Therefore, novel methods that can be implemented
prior to size measurements are needed to monitor
the effects of NIR-PIT.

Fluorescence proteins are commonly used for visua-
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lizing and tracking cellular processes ', An advan-
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tage of fluorescence proteins for ¢z vivo monitoring is
that they do not require extrinsic agent injections
and can be measured in real time'® . However, they
require gene transfection of fluorescence proteins to
cancer cells iz vivo, which might face challenges for
approval by regulatory agencies. Fluorescence dye-
conjugated drugs have also been used for the real-
time monitoring of drug location and activation'® ™.
In addition, iz vive tracking of the cancer therapeutic
effects of several nanoparticles has recently been
reportedlg)’m. Despite the great strides made towards
smart probes for traceable cancer therapy, it remains
difficult to develop a single molecular probe that is
able to simultaneously detect, image, and ablate cancer
cells as well as predict therapeutic responses iz vivo.

The present study sought to determine whether
IR700 fluorescence changes could serve as a real-time
biomarker for monitoring the therapeutic effects of
NIR-PIT.

I Materials and Methods

A Reagents

Water soluble, silica-phthalocyanine derivative,
IR700 NHS ester was obtained from LI-COR Biosci-
ences (Lincoln, NE, USA). Trastuzumab (tra), a 95 %
humanized IgG, mAb directed against human EGFR
type 2, was purchased from Genentech (South San
Francisco, CA, USA). All other chemicals were of
reagent grade.
B Synthesis of IR700-conjugated tra

The conjugation of dye with a mAb was performed
according to a previous reportZ). Briefly, tra (1.0 mg,
6.8 nmol) was incubated with IR700 NHS ester (60.2
#g, 30.8 nmol) in 0.1 M Na,HPO, (pH 8.6) at room
temperature for 1 hour. The mixture was purified
with a Sephadex G25 column (PD-10; GE Health-
care, Piscataway, NJ, USA). Protein concentration
was determined with Coomassie Plus protein assay
kit (Thermo Fisher Scientific Inc, Rockford, IL,
USA) by measuring the absorption at 595 nm with
UV-Vis (8453 Value System ; Agilent Technologies,
Santa Clara, CA, USA). The concentration of IR700
was measured by absorption at 689 nm with spec-

troscopy to confirm the number of fluorophore mole-
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cules conjugated to each mAb. The synthesis was
controlled so that an average of two IR700 molecules
were bound to a single antibody (tra-IR700).
C Cell culture

N87-GFP cells stably expressing green fluores-
cence protein (GFP) were purchased from ANTI
CANCER (San Diego, CA, USA). High GFP expres-
sion was confirmed in the absence of a selection
agent after 10 passages. Cells were grown in RPMI
1640 (Life Technologies, Gaithersburg, MD, USA)
supplemented with 10 % fetal bovine serum and 1 %
penicillin/streptomycin (Life Technologies) in tissue
culture flasks in a humidified incubator at 37 C in an
atmosphere of 95 % air and 5 % carbon dioxide.
D Animal model

All in vivo procedures were conducted in compli-
ance with the Guide for the Care and Use of Labora-
tory Animal Resources from the 1996 United States
National Research Council, and approved by the local
Animal Care and Use Committee. Six- to eight-
week-old female homozygote athymic nude mice
were purchased from Charles River (NCI-Frederick,
Frederick, MD, USA). During the procedure, mice
were anesthetized using inhaled isoflurane and intra-
peritoneal injection of 1 mg of sodium pentobarbital
(Nembutal Sodium Solution, Ovation Pharmaceuticals
Inc,, Deerfield, IL, USA). To determine tumor volume,
the greatest longitudinal diameter (length) and the
greatest transverse diameter (width) were measured
with an external caliper. Tumor volumes based on
caliper measurements were calculated using the
following formula : tumor volume =length X width®x
0.5. Body weight was also recorded. The general
health of mice was monitored daily, and tumor vol-
umes were measured three times a week until the
tumor volume reached 2000 mm® at which time the
mice were euthanized by carbon dioxide gas inhala-
tion. The presence of skin necrosis or toxicity attrib-
utable to the APC was also evaluated by carefully
noting skin color, general health, weight loss, and loss
of appetite.
E In vivo fluorescence imaging

In vivo fluorescence images were obtained using a
Pearl Imager (LI-COR Biosciences, Lincoln, NB, USA)
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with a 700 nm fluorescence channel. A region of
interest (ROI) was placed on the tumor, and the
average IR700 signal fluorescence intensity was
calculated for each ROI using Pearl Cam Software
(LI-COR Biosciences). For GFP imaging, a Maestro
Imager (CRi, Woburn, MA, USA) with a band-pass
excitation filter from 445 to 490 nm and a long-pass
emission blue filter >515 nm was used. The tunable
emission filter was automatically increased in 10 nm
increments from 515 to 580 nm at a constant expo-
sure time (250 msec for iz vivo imaging and 100
msec for ex vivo imaging). Spectral fluorescence
images consisted of autofluorescence spectra and
spectra from GFP, which were then unmixed from
each other based on the characteristic spectral
pattern of GFP using Maestro software (CRi). A ROI
was placed on the tumor in GFP images for the mea-
surement of average fluorescence intensity. Relative
decreasing of fluorescence intensity (DFI) was calcu-
lated using the following equation: DFI=average
fluorescence intensity of tumor after NIR-PIT /
average fluorescence intensity of tumor before NIR-
PIT x100 %. Due to the large inter-individual vari-
ability in IR700-derived DFI after NIR-PIT at the
standard 100 J/cm?® dose in mice, we measured post-
treatment DFI values in approximately 10 mice for
each imaging modality and defined the cutoff based
on the average values. For the Pearl imager, the
mean post-treatment IR700 DFI was 26.08 %, and
we therefore set the cutoff at 25 %. For fluorescence
endoscopy, the mean DFI was 48.97 % , and the
cutoff was set at 50 %.
F NIR-PIT for the N87-GFP flank model

Ten million N87-GFP cells were injected subcuta-
neously in the right dorsum of each mouse. Tumors
were studied after reaching a volume of approxi-
mately 50 mm®. Following NIR exposure with a red
light-emitting diode of 670 to 710 nm in wavelength
(L690-66-60 ; Marubeni America Co., Santa Clara, CA,
USA) and power density of 50 mW/cm® as measured
with an optical power meter (PM 100, Thorlabs,
Newton, NJ, USA), the tumor-bearing mice were
divided into three groups of at least 10 animals per

group for the following treatments: (1) no treatment
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(control); (2) 100 ug of tra-IR700 i.v. to which NIR
light was administered at 100 J/cm® on day 1 and
IR700 DFI was >25 % (NIR-PIT-1);and (3) 100 ug
of tra-IR700 i.v. to which NIR light was administered
at 100 J/cm® on day 1 and IR700 DFI was <25 %
(NIR-PIT-2). Serial fluorescence images and white
light images were obtained with a Pearl Imager for
detecting IR700 fluorescence, and a Maestro Imager
was employed to detect GFP.
G In vivo fluorescence endoscopy

A fluorescence endoscopy model BF TYPE MP60
bronchoscope (Olympus Medical Systems, Tokyo,
Japan) of 2.0 mm in diameter with a single biopsy
channel was inserted into the abdominal cavity
through a small abdominal incision for insufflation.
The surface of the peritoneum was visualized with
white light and fluorescence imaging using a clinical
endoscopic system (CLV-180, Olympus Medical
Systems, Tokyo, Japan) equipped with multi-band
excitation filters. Endoscopic images were obtained
via a beam splitter, in which white light images were
detected using a color-charge-coupled device (CCD)
camera and fluorescence images were filtered by
an emission filter (516 to 556 nm band-pass for GFP
and 680 to 710 nm band-pass for IR700), and then
captured with anCCD camera (Texas Instruments,
Dallas, TX, USA). Real-time images of both the white
light and fluorescence images were displayed side by
side on a computer monitor and recorded. In order to
compare fluorescence intensities during NIR-PIT,
the distance between the tumor and endoscope head
was maintained using biopsy forceps (FB-56D-1,
Olympus Medical Systems, Tokyo, Japan) as a guide.
Camera gain, exposure time, and binning for the fluo-
rescence images were held constant throughout the
study.
H Ex vivo histological analysis

Mice were euthanized with an overdose of carbon
dioxide 6 hours after NIR-PIT for the N87-GFP
flank model, then tumors were excised. Resected
tumors were fixed for at least 24 hours with 10 %
formalin. After paraffin-embedded sections at 10 um
were stained with hematoxylin and eosin (H&E),

histological analysis was conducted using a fluores-
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cence microscope (BX61 ; Olympus America, Inc, Melville,
NY, USA).
I NIR-PIT for the N87-GFP disseminated

peritoneal model

To generate the disseminated peritoneal cancer
mouse model, ten million N87-GFP cells suspended
in phosphate buffered saline (total 400 xL) were
injected into the peritoneal cavity. Mice exhibited
disseminated peritoneal cancer at 2 weeks after cell
implantation and were injected intravenously with
100 ug of tra-IR700. One day afterwards, iz vivo images
were acquired with fluorescence endoscopy. Tumors
of 2 to 3 mm in size were selected using biopsy for-
ceps as a measure. After obtaining initial fluorescence
images of the peritoneal surface, tumor-bearing mice
were randomized into four groups of at least 10
animals per group for the following treatments: (1)
NIR light administered at 20 J/cm®; (2) NIR light
administered at 50 J/cm®; (3) NIR light administered
at 100 J/cm®; and (4) NIR light administered until
IR700 DFI <50 % . Tumors were irradiated with a
NIR laser emitting light at 685 to 695 nm in wave-
length (BWF5-690-8-600-0.37 ; B& W TEK INC., New-
ark, DE, USA) through the skin. The output power
density in mW/cm® was measured using an optical
power meter (PM 100, Thorlabs). The abdomen of
mice was externally exposed to NIR light from the
ventral side, with the upper abdominal area shielded
from light exposure by aluminum foil to prevent light
exposure to liver. Real-time fluorescence images of
the disseminated peritoneal cancers were repeatedly
recorded immediately after NIR exposure and at 6
hours after NIR-PIT. The fluorescence measurement
at 6 hours after NIR-PIT was included to explore the
dynamics of IR700 and GFP fluorescence over time
and to investigate whether a delayed signal change
might provide additional information regarding treat-
ment response. Image analysis was performed with
Image] software (http://rsb.info.nih.gov/ij/). Circular
ROIs were placed in the same regions to determine
the fluorescence intensities.
J Histological analysis

Real-time tumor biopsies were performed through

the fluorescence endoscope using biopsy forceps
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Fig. 1 In vivo characterization of NIR-PIT
(A) Treatment and imaging regimen of NIR-PIT. (B) Mice were divided into two groups according to the
IR700 DFTI after NIR-PIT. (C) Quantification of the IR700 fluorescence intensity of NIR-PIT-1 (left) and NIR-
PIT-2 (right). The IR700 fluorescence signal of tumors was significantly decreased after NIR-PIT (n=11, *p=
0.001 for NIR-PIT-1 and *p<0.0001 for NIR-PIT-2, Student’s ¢-test). (D) IR700 DFI in tumors. The IR700 DFI
in the NIR-PIT-2 group was significantly lower than in the NIR-PIT-1 group (n=11, *»<0.001, Student’s

t—test).

(FB-56D-1, Olympus Co., Tokyo, Japan) beginning at
6 hours after NIR-PIT for the N87-GFP disseminat-
ed peritoneal model. Mice were euthanized with an
overdose of carbon dioxide afterwards. Biopsy speci-
mens were fixed for at least 24 hours with 10 %
formalin. After paraffin-embedded sections were
stained with hematoxylin and eosin (H&E), post-
NIR-PIT tissue analysis was conducted using a fluo-
rescence microscope (BX61 ; Olympus America, Inc.,
Melville, NY, USA).
K Statistical analysis

Data are expressed as the mean *+standard error
of the mean. Statistical analyses were carried out
using GraphPad Prism version 7 (GraphPad Software,
La Jolla, CA, USA). Student’s ~test was employed to

compare the fluorescence intensity of tumors. For

No. 6, 2025

multiple comparisons, one-way analysis of variance
(ANOVA) followed by Bonferroni’s correction for multiple
comparisons was used. The cumulative probability of
survival based on volume (2000 mm®) was estimated
for each group by Kaplan-Meier survival curve anal-
ysis, and the results were compared by means of the
log-rank test. A p-value <0.05 was considered to in-

dicate a statistically significant difference.
I Results

A In vivo characterization of NIR-PIT

The treatment regimen is shown in Fig. 1A. One
day after the injection of tra-IR700, tumors showed
high fluorescence intensity. Following exposure to
100 J/cm® of NIR light, the IR700 fluorescence signal

of tumors decreased significantly due to dying cells
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Fig. 2 In vivo and ex vivo imaging of N87-GFP tumors

(A) Treatment and imaging regimen. (B) /»# vivo fluorescence real-time imaging of tumor-bearing mice in
response to NIR-PIT. Tumors treated by NIR-PIT showed a decreased IR700 fluorescence signal, while the
GFP fluorescence signal did not change remarkably. (C) Quantification of IR700 DFI. The IR700 fluorescence
signal of tumors was significantly decreased after NIR-PIT in both NIR-PIT-1 and NIR-PIT-2 tumors (n= 10,
**p<0.0001, Student’s #-test). (D) Quantification of GFP DFL No significant differences were evident in DFI
immediately after NIR-PIT and 6 hours after NIR-PIT-1 group, with the GFP fluorescence signal significantly
decreased at 6 hours after NIR-PIT in NIR-PIT-2 tumors (n=10, **»<<0.01, Student’s t-test). (E) Resected
tumors stained with H&E. Several scattered clusters of damaged tumor cells were visible within a

background of diffuse cellular necrosis and micro-hemorrhage after NIR-PIT. Necrotic damage was more

intense and fewer tumor cells remained in NIR-PIT-2 tumors (white bar =100 gm, black bar =20 pm).

and partial photo-bleaching (Fig. 1B). Mice were
divided into two groups according to IR700 DFT after
NIR-PIT : the NIR-PIT-1 group (IR700 DFI >25 %)
and the NIR-PIT-2 group (IR700 DFI <25 %) (Fig. 1B).
The IR700 fluorescence intensity of tumors decreased
significantly after NIR-PIT in both groups (p»=0.001
and p<<0.0001, respectively) (Fig. 1C). The IR700 DFI
in the NIR-PIT-2 group was significantly lower than
in the NIR-PIT-1 group (»<<0.0001) (Fig. 1D).

B In vivo and ex vivo imaging of N87-GFP tumors

388

The treatment and imaging regimen is summa-
rized in Fig. 2A. In iz vivo imaging, the IR700 fluo-
rescence signal of tumors decreased significantly
from dying cells and partial photo-bleaching immedi-
ately after exposure to 100 J/cm® of NIR light (p<<
0.0001) (Fig. 2B, C). On the other hand, the GFP
signal did not change immediately after NIR expo-
sure (Fig. 2B, D). Six hours after NIR-PIT, the GFP
signal in NIR-PIT-2 tumors was significantly lower

than in control tumors (p<<0.01), with no significant
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Fig. 3 In vivo NIR-PIT effects in the N87-GFP flank model
(A) Treatment and imaging regimen. (B) Iz vivo fluorescence real-time imaging of tumor-bearing mice in
response to NIR-PIT. Tumors showed higher fluorescence intensity than those with no APC. Tumors treated
by NIR-PIT exhibited decreasing IR700 fluorescence signal after NIR-PIT. (C) Tumor growth was
significantly inhibited in both the NIR-PIT-1 and NIR-PIT-2 treatment groups compared with the control
group (**p<0.01 vs. control group, Bonferroni test with ANOVA). Tumor growth was also significantly
reduced in the NIR-PIT-2 group versus the NIR-PIT-1 group (n>10, *»<0.05, Bonferroni test with ANOVA).
(D) Significantly prolonged survival was observed in both the NIR-PIT-1 and NIR-PIT-2 treatment groups
compared with the control group (n>10, **»<0.01, log-rank test). Survival was significantly more improved in
the NIR-PIT-2 group than in the NIR-PIT-1 group (n>10, ***p<0.01, log-rank test).

difference between the GFP signal in control and NIR-
PIT-1 tumors (Fig. 2D). Regarding ex vivo imaging,
most of the IR700 fluorescence signal had disappeared
at 6 hours after NIR-PIT in NIR-PIT-2 tumors,
while the IR700 signal remained in NIR-PIT-1 tu-
mors (Fig. 2E). We observed no remarkable differ-
ences for the GFP signal (Fig. 2E). Microscopic eval-
uation of treated tumors revealed diffuse necrosis
and microhemorrhage, with scattered clusters of dam-
aged tumor cells. Necrotic damage was more intense
and fewer tumor cells remained in NIR-PIT-2 tu-
mors (Fig. 2F).
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C In vivo NIR-PIT effect in the N87-GFP flank

model

The treatment and imaging regimen is depicted in
Fig. 3A. One day after injection of tra-IR700, tumors
showed higher fluorescence intensity than those
with no APC. Following exposure to 100 J/cm?® of NIR
light, the IR700 fluorescence signal decreased signifi-
cantly in NIR-PIT-2 tumors but remained in NIR-
PIT-1 tumors (Fig. 3B). Tumor growth was signifi-
cantly inhibited in both the NIR-PIT-1 and NIR-
PIT-2 groups compared with the control group (both
$<0.01) (Fig. 3C), with significantly prolonged survival
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Fig. 4 Evaluation of NIR-PIT (20 ]) effects on the disseminated peritoneal model

(A) Treatment and imaging regimen. (B) [z vivo endoscopic imaging of the disseminated peritoneal model in
response to NIR-PIT. The IR700 fluorescence signal coincided with GFP-positive foci. The IR700 fluorescence
signal also showed tumor-specific accumulation with high tumor-to—-background ratio. The IR700 fluorescence
signal decreased immediately after NIR light exposure, while the GFP fluorescence signal did not change
remarkably. (C) Quantification of both GFP and IR700 DFI. The IR700 fluorescence signal of tumors
significantly decreased immediately after NIR-PIT compared with GFP fluorescence signal (n=10, *»<0.05,
Student’s t-test). The IR700 DFI was approximately 70 % after 20 J/cm® of NIR light exposure. (D)
Histological specimens of N87-GFP tumors stained with H&E. No obvious damage was observed in either
control tumors or tumors at 6 hours after tra-IR700 injection without NIR light exposure (left). NIR-PIT-
treated tumors showed necrosis and micro-hemorrhage with scattered clusters of damaged cancer cells.
Undamaged cancer cells were evident as well (right) (white bar =100 xm, black bar =20 xm).

as well (both p<0.01 vs. control) (Fig. 3D). Further-
more, tumor growth was significantly inhibited and
survival was significantly longer in the NIR-PIT-2
group versus the NIR-PIT-1 group (»<0.05 for tumor
growth and p<<0.01 for survival) (Fig. 3C, D). No
skin necrosis or toxicity attributable to the APC was
detected in any group.

D In vivo fluorescence endoscopic study in the

N87-GFP disseminated peritoneal model

1 20 J/cm’ of NIR-PIT

390

The treatment and imaging procedure is shown in
Fig. 4A. After tra-IR700 injection, the implanted
intraperitoneal disseminated tumors demonstrated
fluorescence commensurate with IR700, which co-
localized with GFP (Fig. 4B). The IR700 fluorescence
signal decreased immediately after 20 J/cm? of NIR-
PIT. In contrast, the GFP fluorescence signal did not
change remarkably (»<0.05 at the point of after 20]
and after 6 hr) (Fig. 4B, C). The IR700 DFI was
approximately 70 % after 20 J/cm® of NIR-PIT. In
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Fig. 5 Evaluation of NIR-PIT (50 J) effects on the disseminated peritoneal model
(A) Treatment and imaging regimen. (B) In vivo endoscopic imaging of the disseminated peritoneal model in
response to NIR-PIT. The IR700 fluorescence signal decreased immediately after NIR light exposure, while
GFP fluorescence signal did not change demonstrably. (C) Quantification of GFP and IR700 fluorescence
intensity. The IR700 fluorescence signal of tumors significantly decreased immediately after NIR-PIT
compared with GFP fluorescence signal (n =10, **»<0.01, Student’s t-test). The IR700 DFI was approximately
50 % after 50 J/cm?® of NIR light exposure. (D) Histological specimens of N87-GFP tumors stained with H&E.
Several scattered clusters of damaged tumor cells are seen within a background of diffuse cellular necrosis
and micro-hemorrhage. Almost all cancer cells were damaged by NIR-PIT (white bar =100 xm, black bar =20

um).

H&E-stained histological specimens, no obvious
damage was observed in control or APC iv.-only
tumors. NIR-PIT-treated tumors exhibited necrosis
and micro-hemorrhage with scattered clusters of
damaged cancer cells, although undamaged cancer
cells were also detectable (Fig. 4D).
2 50 J/cm® of NIR-PIT

The treatment and imaging regimen is presented
in Fig. 5A. The GFP fluorescence signal of tumors
did not change demonstrably after NIR-PIT. On the

other hand, the IR700 fluorescence signal decreased
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immediately after 50 J/cm® of NIR-PIT (»<<0.01 at
the point of after 50] and after 6 hr) (Fig. 5B, C).
The IR700 DFI was approximately 50 % following 50
J/cm?® of NIR light exposure. Pathological analysis
revealed necrosis and micro-hemorrhage ; however,
cancer cells showing no damage were also observed
(Fig.5D).
3 100 J/cm® of NIR-PIT

The treatment and imaging protocol is shown in
Fig. 6A. The IR700 fluorescence signal decreased
immediately after 100 J/cm® of NIR-PIT, while the
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-
Fig. 6 Evaluation of NIR-PIT (100 J) effects on the disseminated peritoneal model
(A) Treatment and imaging regimen. (B) /» vivo endoscopic imaging of the disseminated peritoneal model in

response to NIR-PIT. The IR700 fluorescence signal decreased immediately after NIR light exposure, while

the GFP fluorescence signal of tumors was slightly decreased at 6 hours after NIR light exposure. (C)

Quantification of GFP and IR700 fluorescence intensity. The IR700 fluorescence intensity of tumors

significantly decreased immediately after NIR-PIT compared with GFP fluorescence signal (n=10, *»<0.05,
**p<0.01, Student’s t-test). The IR700 DFI was approximately 40 % after 100 J/cm? of NIR light exposure. (D)
Histological specimens of N87-GFP tumors stained with H&E. Virtually all cancer cells were damaged by

NIR-PIT (white bar =100 xm, black bar =20 um).

GFP signal of tumors had decreased slightly at 6
hours after NIR-PIT (»p<0.05 at the point of after
20], p<0.01 at the point of after 50], after 100] and
after 6 hr) (Fig. 6B, C). The IR700 DFI was approxi-
mately 40 % following 100 J/cm?® of NIR-PIT. In his-
tological analysis, virtually all cancer cells were dam-
aged by NIR-PIT (Fig. 6D).
4 Light dose adjustment of NIR-PIT

The above results indicated that approximately <
50 % of IR700 DFT in fluorescence endoscopic imag-
ing was needed to obtain a sufficient therapeutic
effect. Thus, we adjusted the NIR light dose until
IR700 DFI reached <50 % (Fig. 7A, B). An average
of 484 ] of NIR light was needed to attain IR700 DFI
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<50 % (Fig. 7C). Histological analysis showed that
almost all cancer cells were damaged as a result of
NIR-PIT with IR700 DFT <50 % (Fig. 7C).

IV Discussion

This study revealed that during NIR-PIT, the
IR700 fluorescence signal of tumors continuously
decreased as shown in Fig. 7C. Histological experi-
ments demonstrated that sufficient IR700 DFI of <
25 % in Pearl images or <50 % on fluorescence endo-
scopy corresponded to a strong therapeutic effect of NIR-
PIT. After exposure to sufficient NIR light energy,
the IR700-conjugated drug produced immediate cell

membrane damage that was associated with a signif-
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Fig. 7 Evaluation of adjusted NIR-PIT effects on the disseminated peritoneal model

(A) Treatment and imaging regimen. (B) NIR light was administered until IR700 DFI <50 % .

(C) In vivo

endoscopic imaging of the disseminated peritoneal model in response to NIR-PIT. The IR700 fluorescence
signal decreased immediately after NIR light exposure, while the GFP fluorescence signal of tumors did not
change remarkably. Histological specimens of N87-GFP tumors stained with H&E (white bar =100 xm, black
bar =20 um). Almost all cancer cells were damaged by NIR-PIT regardless of NIR light dose.

icant reduction in the IR700 signal. These findings
suggested that a sufficient decrease in the IR700
fluorescence signal represented a potential imaging
biomarker for evaluating the acute therapeutic effects
of NIR-PIT.

Uptake and retention of the IR700 conjugate in
target tumors is especially important in the setting of
NIR-PIT. This study demonstrated that tra-IR700
could be effectively delivered to intraperitoneal tumors
after intravenous injection, with tumors clearly detectable
on fluorescence endoscopy as shown in Fig. 2 to 5. These
results indicated that IR700-conjugated mAbs might
have a practical clinical application during endoscopic
procedures. From the photophysical point of view, the
endoscope can minimize light scattering and absor-

bance caused by overlapping tissue, resulting in more
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precise lesion depiction. The development of a mini-
endoscope mimicking laparoscopy may enable intra-
peritoneal fluorescence imaging and is the most likely
method by which NIR-PIT can be administered and
monitored in humans. Fluorescence endoscopic imaging
renders it possible to simultaneously monitor APC
accumulation by IR700 fluorescence as well as NIR-
PIT effect via decreasing IR700 fluorescence signal.
From the pharmacokinetic perspective, as IR700 con-
jugation minimally alters the pharmacokinetics of the
antibody, these APCs show specific binding to target
cells with minimal attachment to non-target cells”"”
%75 APCs can be synthesized from virtually any
antibody. Therefore, real-time NIR-PIT monitoring
may be applied to numerous tumors without addi-

tional procedures.
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Tumor size is considered a delayed indicator of
tumor response, yet is still used clinically, however,
changes in tumor size typically become evident only
after several days to weeks following therapy. A
more immediate readout of cell death is desired,
especially in surgical or endoscopic procedures
where it is preferable to complete treatments in a
single session. Real-time IR700 fluorescence provides
immediate feedback during or shortly after treat-
ment, allowing for on-the-spot assessment of thera-
peutic effect. In particular, real-time evaluation using
IR700 fluorescence could be especially valuable in
endoscopic or laparoscopic procedures, where direct
intraoperative visualization and decision-making are
possible. By monitoring IR700 fluorescence intensity
during endoscopic or laparoscopic procedures, clini-
cians may identify areas that have not received suffi-
cient NIR light exposure and adjust the irradiation
dose accordingly. This enables more precise and
balanced treatment delivery, potentially minimizing
under- or over-treatment during NIR-PIT.

Fluorescence proteins are a potential alternative

220 However,

for monitoring tumor growth iz vivo
fluorescence imaging using such proteins may be
more suited for longitudinally monitoring the effects

" While most apoptic cell death

of phototherapy®
preserves the cell membrane and retains the fluores-
cence proteins, making fluorescence insensitive to
cell death™??, the sudden rupture of cell membranes
in NIR-PIT, which clearly represents necrotic cell
death, results in the extrusion of cytoplasmic fluores-
cence proteins and a relatively rapid readout of cell

' In

death within seconds after NIR light exposure®
contrast, significant differences were not detected
until 6 hours after NIR light exposure for the GFP
fluorescence signal in this study. Fluorescence pro-
teins also require gene transfection that would likely
only be useful in pre-clinical studies. Considering
that IR700-conjugated drugs require only intrave-
nous injection, real-time IR700 fluorescence imaging
appears better suited for detecting acute changes in
treated tumors versus fluorescence proteins.
Concerning other cancer therapeutic monitoring

methods, positron emission tomography, magnetic

394

resonance imaging, and fluorescence lifetime imaging
are also useful imaging biomarkers for detecting
early changes after NIR-PIT before alterations
in tumor size became evident™ ", Compared with
those methods, optical imaging techniques do not
require the use of radioactive materials. Further-
more, the imaging system and scanning process for
fluorescence imaging employ low-cost, easy-to-use,
portable equipment. The optical imaging probes for
fluorescence imaging are usually less expensive and
much easier to generate than radiotracers as well.
Optical imaging also facilitates multicolor imaging by
means of fluorophores with different emission wave-

lengths™

. Even compared with radiotracers, real-
time fluorescence imaging is a promising technique
for a broad range of clinical settings.

Advanced-stage gastric cancer is associated with
a poor prognosis, with a 5-year survival rate below
5 % in metastatic cases. Standard treatment includes
chemotherapy, and in patients with HER2 overex-
pression, the addition of trastuzumab has shown clin-
ical benefit. However, the overall outcome remains
poor, underscoring the need for novel therapeutic
strategies%)g”. NIR-PIT is expected to be effective
against HER2-positive gastric cancer, and its clinical
application using endoscopic approaches is highly
anticipated. In such settings, the ability to monitor
treatment response in real time during the proce-
dure would further enhance its therapeutic utility, so
we established a peritoneal dissemination model
using a HER2-positive gastric cancer cell line and
conducted the present study.

Lastly, the disadvantages of optical imaging for
in vivo NIR-PIT monitoring must be acknowledged
as well. One issue is that optical signals have limi-
ted tissue penetration depth. Fluorescence imaging
allows efficient photon tissue penetration with mini-
mal intratissue light scattering. However, optical
imaging remains inherently limited in terms of de-
tecting relatively superficial tumors, such as breast
cancer, thyroid gland tumor, and skin carcinoma.
Recent advances have adapted optical imaging for
endoscopic use or image-guided surgery® to enable

access to deep tissues inside the body. When consid-
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ering NIR-PIT of the peritoneal cavity, direct expo-
sure of NIR light deep into the patient is necessary
using either direct illumination during surgery or
using fibro-optic diffusers via endoscopes, laparo-
scopes, or inserted needles. Applying NIR light to
the treatment of exposed residual tumors after surgi-
cal resection might be another way to incorporate
NIR-PIT into patient management. In such cases,
IR700 conjugates would be able to simultaneously

detect tumors, treat cancer cells, and predict the

cence signal is a potential biomarker for immediately
assessing the therapeutic effects of NIR-PIT with a
mADb-IR700 conjugate during surgical or endoscopic
procedures, even before morphological changes become

evident.
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