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A B S T R A C T

Background: GPR87 is a G-protein receptor that is specifically expressed in tumour cells, such as lung cancer,
and rarely expressed in normal cells. GPR87 is a promising target for cancer therapy, but its ligand is contro-
versial. Near-infrared photoimmunotherapy (NIR-PIT) is a novel cancer therapy in which a photosensitiser,
IRDye700DX (IR700), binds to antibodies and specifically destroys target cells by irradiating them with near-
infrared-light. Here, we aimed to develop a NIR-PIT targeting GPR87.
Methods: We evaluated the expression of GPR87 in resected specimens of lung cancer and malignant pleural
mesothelioma (MPM) resected at Nagoya University Hospital using immunostaining. Humanised anti-GPR87
antibody (huGPR87) was generated by introducing CDRs from mouse anti-GPR87 antibody generated by
standard hybridoma method. HuGPR87 was conjugated with IR700 and the therapeutic effect of NIR-PIT was
evaluated in vitro and in vivo using lung cancer or MPM cell lines.
Findings: Among the surgical specimens, 54% of lung cancer and 100% of MPM showed high expression of
GPR87. It showed therapeutic effects on lung cancer and MPM cell lines in vitro, and showed therapeutic
effects in multiple models in vivo.
Interpretation: These results suggest that NIR-PIT targeting GPR87 is a promising therapeutic approach for the
treatment of thoracic cancer.
Funding: This research was supported by the Program for Developing Next-generation Researchers (Japan
Science and Technology Agency), KAKEN (18K15923, 21K07217, JSPS), FOREST-Souhatsu, CREST (JST).
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

The most common cause of cancer death in the world is lung can-
cer [1,2]. Malignant pleural mesothelioma (MPM) derives from meso-
thelial cells such as the pleura and peritoneum, mainly after exposure
to asbestos. Although the use of asbestos is regulated, the number of
mesothelioma cases is increasing [3]. There is no cure, and treatment
options include radiation therapy, targeted therapy, chemotherapy,
or multidisciplinary treatment. Surgery is considered in some early-
stage patients [4]. Both lung cancer and malignant mesothelioma are
diseases with poor prognoses, and there is a need for new treatments.

GPR87 is a common G-protein receptor that is specifically
expressed on various tumour cells such as lung, pancreatic, bladder,
skin, and cervical cancers, and has been reported to be associated
with tumour cell growth [5�10]. High GPR87 expression in lung and
pancreatic cancer is associated with a worse prognosis [11,12]. There-
fore, GPR87 is attracting attention as a promising cancer therapeutic
target [8�10,13,14]. However, the development of antitumour agents
targeting GPR87 has not progressed, and there are only a few preclin-
ical reports of gene therapy [12,15].
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Research in context

Evidence before this study

Thoracic malignancies, such as lung cancer and malignant pleu-
ral mesothelioma (MPM) still remain poor prognosis, and
require the development of new therapies.

GPR87 is a G-protein receptor that is found to be
expressed in various cancers, but is poorly expressed in nor-
mal cells. GPR87 is a promising malignancy target, however,
there have only been a few preclinical reports of gene ther-
apy. Therefore, the development of therapeutic agents for
GPR87 is desirable.

Near-infrared photoimmunotherapy (NIR-PIT) is a new
method of cancer treatment with antibody-dye conjugates,
which are composed of antibodies and IR700Dye, a photosensi-
tive substance, coupled with NIR-light. By irradiating the anti-
body-dye conjugate with NIR-light, the dye rapidly changes
from hydrophilic to hydrophobic, and the process damages the
cell membrane, causing cell death. Currently, NIR-PIT targeting
EGFR is in clinical use for head and neck cancer.

Added value of this study

High expression of GPR87 was confirmed in clinical resection
specimens of lung cancer (adenocarcinoma, squamous cell car-
cinoma, and small cell carcinoma) and MPM at our institution.
High expression of GPR87 was also confirmed in cell lines of
lung cancer and MPM.

To perform GPR87-targeting NIR-PIT, we generated
humanised GPR87 antibodies and created antibody-dye con-
jugate. In vitro NIR-PIT targeting GPR87 only injured GPR87-
expressing cells and did not affect non-targeted cells. In
vivo, it significantly suppressed tumour growth in several
mouse models.

Implications of all the available evidence

This study provides evidence that GPR87 is frequently highly
upregulated in lung cancer and MPM and preclinical evidence
that NIR-PIT targeting GPR87 is a promising treatment for lung
cancer and MPM.
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Near-infrared photoimmunotherapy (NIR-PIT) is an emerging
cancer modality, where IRDye700DX (IR700), a photosensitiser, is
bound to an antibody, and near-infrared-light irradiation specifi-
cally destroys the targeting cell [16,17]. A Phase 2a study of
cetuximab-IR700 (Cetuximab Sarotalocan Sodium) in patients
with locally recurrent or advanced head and neck squamous cell
cancer (HNSCC) showed a 43% overall response rate and an 86.7%
disease control rate [18]. An international phase III clinical trial is
underway for patients with HNSCC (LUZERA-301, NCT03769506).
In September 2020, the Japanese Agency approved NIR-PIT for
recurrent HNSCC.

Monoclonal antibodies (mAbs) are used in NIR-PIT, and almost
all mAbs currently being used clinically are humanised or human
antibodies. The use of mouse antibodies is limited because up to
50% of patients have a human anti-mouse antibody (HAMA)
response [19]. The HAMA response is significantly reduced or
abolished by chimerisation and humanisation.

Here, we created a humanised antibody from a mouse anti-GPR87
antibody (moGPR87ab) to avoid the HAMA response. Moreover, we
developed a NIR-PIT targeting GPR87 using a newly developed
humanised anti-GPR87 antibody (huGPR87ab).
2. Methods

2.1. Study design and ethics

The aim of this study was to develop NIR-PIT targeting GPR87, and
the therapeutic targets were MPM and lung cancer. All in vivo proce-
dures were performed in accordance with the Nagoya University Ani-
mal Care and Use Committee's "Guide for the Management and Use of
Laboratory Animal Resources" (approval numbers 2017�29,438,
#2018�30,096, # 2019�31,234, #2020�20,104). The use of speci-
mens from patients was approved by the Ethics Committee of the
Nagoya University Clinical Research Committee (Approval No.
2018�0046).

2.2. Immunostaining of surgically resected lung cancer and malignant
pleural mesothelioma specimens

We performed GPR87 immunostaining to resected specimens
from patients pathologically diagnosed with lung cancer or malig-
nant pleural mesothelioma (MPM) who underwent surgery at
Nagoya University Hospital (from April 2004 until December 2015).
The staining of the cytoplasm or the cell membrane, assessed by two
or more physicians, was defined as GPR87 positive, regardless the
intensity.

After formalin fixation, paraffin-embedded surgical specimens
were thinly sliced to a thickness of 4 mm and placed on a glass
slide. Epitope retrieval was performed employing a pH 6 buffer
(Epitope Retrieval Solution pH 6; Leica Biosystems, Nussloch, Ger-
many; cat # RE7113-CE) and an autoclave. The sections were
treated for 15 min at 15�25 °C with protein blocking agent (Pro-
tein Block, Serum-Free, Liquid form; Agilent, Santa Clara, CA,
USA; cat # X090930�2) to block nonspecific staining. We used
rabbit polyclonal anti-GPR-87 antibody (Novus Biologicals, LLC,
Centennial, Colorado, USA; cat # NLS1584). The samples were
treated with 0.3% H2O2 (in absolute methanol) for 15min, and
horseradish peroxidase-polymer secondary antibody (EnVision+
system HRP-labeled polymer anti-rabbit; Agilent, Santa Clara, CA,
USA; cat Dako #K4003) to stop endogenous peroxidase activity.
Colorimetric development was performed with 3,3-diaminobenzi-
dine (ImmPACT DAB Substrate; Vector, Burlingame, CA, USA; cat
# SK-4105) and hematoxylin. GPR87 expression was tested at
100 £ and 400 £ magnification under a brightfield microscope.

Mouse subcutaneous PC9 tumours were used as a positive control,
in which GPR87 was highly expressed. After the mouse were euthan-
ised, it was perfusion-fixed in 4% paraformaldehyde, and the tumours
were harvested and paraffin-embedded. In the specimen of PC9
tumours, both the plasma membrane and the cytoplasm in the PC9
tumour cells were stained (Fig. S1). Therefore, positive staining was
defined as the staining of > 10% of the tumour cell at any intensity.
IHC status was evaluated by at least two respiratory physicians (H.Y,
Y.N, S.T, K.T, Y.I, K.S) and one pathologist (T.T).

2.3. Reagents

Water-soluble, silicon-phthalocyanine derivative IRDye 700DX
NHS ester was purchased from LI-COR Biosciences (Lincoln, Nebraska
USA) (cat # 929�70,010).

2.4. Humanisation of mouse antibody

MoGPR87abwas generated using the standard hybridomamethodol-
ogy. The heavy and light chain variable regions (VH and VL) from the
hybridoma cell line were recovered by RT-PCR using specific primers for
mouse antibody variable genes. We then constructed a humanised anti-
body by grafting the complementarity-determining regions (CDRs) onto
themost similar human germline sequences (Fig. 1).

https://clinicaltrials.gov/ct2/show/NCT03769506


Fig. 1. Structure of the humanised antibody and variable domain.
(a) Structure of the humanised antibody. (b) Structure of the variable domains (VH or VL). CDR1, 2, and 3 are the complementarity-determining regions. FR1, 2, 3, and 4 are the

framework regions. Mouse sequence is in black, and human sequence is in white.
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2.5. Expression and purification

The humanised VH and VL genes were synthesized and codon
optimized for mammalian cell expression. The expression plasmid of
the heavy chain (H plasmid) was constructed by cloning the VH
sequence into the expression vector pCXN2 in frame with the human
IgG1 Fc region. The expression plasmid of the light chain (L plasmid)
was constructed by cloning the VL and constant region sequence into
the expression vector pCXN2. Both the H plasmid and L plasmid were
transfected into the HEK293 cell line. The resulting humanised
GPR87 antibody was further purified by Ab-Capcher ExTra (Prote-
nova, Kagawa, Japan; cat # P-003�2), and the purified product was
designated as huGPR87ab.

2.6. Cell lines

3T3 (mouse fibroblast; RRID) (CVCL_0594), PC9 (human non-
small-cell lung adenocarcinoma [NSLAC]) (RRID: CVCL_B260), H1975
(human NSLAC) (RRID: CVCL_1511), H661 (human lung large cell car-
cinoma) (RRID: CVCL_1577), H226 (human non-small-cell lung squa-
mous cell carcinoma [NSLSCC]) (RRID: CVCL_1544), MSTO-211H
(human MPM) (RRID: CVCL_1430), and H2373 (human MPM) (RRID:
CVCL_A533) cells were obtained from the American Type Culture Col-
lection (ATCC); SBC3 (RRID: CVCL_1678) and SBC5 (RRID:
CVCL_1679) cell lines, which are both derived from Japanese patients
with small-cell lung cancer (SCLC), were obtained from the Japanese
Collection of Research Bioresources (JRBC)(Osaka, Japan). The cdk4/
hTERT-immortalised normal human bronchial epithelial cell line
HBEC3-KT (RRID: CVCL_X491) was obtained from the Hamon Center
collection (University of Texas Southwestern Medical Center, Dallas,
TX, USA) [20]. GPR87-CHO cells, forcibly expressing GPR87 in Chinese
hamster ovarian cells, were provided by Perseus Proteomics.

Luciferase-expressing PC9, SBC5, and H2373 cell lines were made
by transfecting RediFect Red-FLuc lentiviral particles (PerkinElmer,
Waltham, MA, USA; cat # CLS960002), as previously reported [21,22].
High, stable expression of luciferase was validated after performing
over 20 passages.

2.7. Cell culture

Cells were cultured in RPMI 1640 medium (Thermo Fisher Scien-
tific, Rockford, IL, USA; cat # 11,875,093) supplemented with 10% foe-
tal bovine serum, penicillin (100 IU/mL), and streptomycin (100 mg/
mL) (Thermo Fisher Scientific; cat # 15,140,148).

2.8. Synthesis of IR700-conjugated anti-GPR87 antibody

Anti-GPR87 antibody (GPR87ab) (1 mg; 6.8 nmol) was incubated
with IR700 NHS ester (LI-COR Biosciences, Lincoln, NE, USA)
(66.8 mg; 34.2 nmol, 5 mmol/L in DMSO) in 0.1 mol/L Na2HPO4 (pH
8.6) at 15�25 °C for 1 h. The mixture was purified employing a Sepha-
dex G50 column (PD-10, GE Healthcare; Piscataway, NJ, USA; cat #
17,085,101). The protein concentration was decided employing a Coo-
massie Plus protein assay kit (Thermo Fisher Scientific; cat # 23,236) by
spectroscopically (at 595 nm) (Novaspec Plus; GE Healthcare; cat #
10,187,054). The concentration of IR700 was spectroscopically measured
at 689 nm to verify the amount of Ab-conjugated fluorophores [23�25].
The synthesis was controlled in order that a mean of three IR700 mole-
cules were sure to a single antibody; these GPR87ab conjugates with
IR700were abbreviated to as GPR87ab-IR700.

2.9. SDS-PAGE

We examined the quality for the conjugate with SDS-PAGE as pre-
viously [26�29]; diluted naked GPR87ab was used as a non-conju-
gated control. The fluorescent bands were measured with
fluorescence imagers; an Odyssey Imager (LI-COR Biosciences; cat #
9141�00) or Pearl Imager (LI-COR Biosciences; cat # 9430�00) using
a 700-nm fluorescence channel [24].

2.10. Flow cytometry

Flow cytometry analysis was performed as previously reported
[30,31]. Cells (1 £ 105) were seeded onto 12-well plates and incubated
with moGPR87ab-IR700 or huGPR87ab-IR700 at 10 mg/mL for 12 h at
37 °C. The medium was replaced with PBS after washing twice. To
avoid the effect of trypsin on the binding of antibody to cells, cells were
stripped from the plate by pipetting, and IR700 fluorescence was evalu-
ated in 10,000 cells with a flow cytometer (Gallios, Beckman Coulter;
cat # B43618). To test specific binding to GPR87, a blocking study was
performed with PC9-cells that were incubated with excess huGPR87ab
beforehand. To stop binding of the huGPR87ab to the Fab region, huG-
PR87ab-IR700 binding was evaluated after incubating 3T3 and HBEC3
cells with the CD16 antibody (10 mg/mL; CD16/CD32 mAb [clone 93],
Thermo Fisher Scientific; RRID: AB_467,133) for 12 h.

2.11. Fluorescence microscopy

To detect the antigen-specific localisation of IR700 conjugates,
fluorescence microscopy was done (A1Rsi, Nikon Instech, Tokyo,
Japan). Cells (2 £ 104) were seeded onto cover glass-bottomed dishes
and incubated for 8 h. huGPR87ab-IR700 was then added to the cul-
ture medium at 10 mg/mL for single culture and 1 mg/mL for co-cul-
ture and incubated at 37 °C for 12 h. The cells were then washed
twice with PBS. Propidium iodide (PI, Final 2 mg/mL; Thermo Fischer
Scientific; cat # P1304MP) or Sytox Blue (1:500; Thermo Fischer Sci-
entific; cat # S34857) was added to the media at 30 min before obser-
vation to stain the necrotic dead cells. The cells were then exposed to
NIR-light (64 J/cm2), and microscopic images were obtained [30�33].
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2.12. In vitro NIR-PIT

Cells (1 £ 105) were spread into a 12-well plate, 10 mg/mL of
huGPR87-IR700 was added to the medium on the next day, and incu-
bate for 12 h at 37 °C. Then, the medium was replaced with PBS after
washing twice. The cells were irradiated with an NIR (670�710 nm
wavelength) light-emitting diode (L690�66�60; Ushio-Epitex,
Kyoto, Japan). The particular power density (mW/cm2) was measured
with an optical electric-power metre (PM100; Thorlabs, Newton, NJ,
USA), as previously [34].

2.13. Cytotoxicity/phototoxicity assay

Luciferase activity was used to quantitatively measure the in vitro
cytotoxic effects of NIR-PIT with huGPR87ab-IR700. For luciferase
activity, 200 mL of 150 mg/mL of D-luciferin-containing media (Gold-
Bio, St Louis, MO, USA) was added to PBS-washed cells 24 h after NIR-
PIT. The cells were then analysed on a bioluminescence plate reader
(Powerscan4; BioTek, Winooski, VT, USA; cat # BT-S4LFPTAD) at 24 h
after NIR-PIT, as previously reported [30,35]

2.14. Animal and tumour models

All in vivo procedures were conducted in compliance with the
local Animal Care and Use Committee of Nagoya University. Female
8-to-12-week-old homozygote athymic nude mice (weighing
18�22 g) were purchased from Chubu Kagaku Shizai (Chikusa,
Nagoya, Japan; cat # BALB/cSlc-nu/nu). All mice were housed at
20�25 °C in a 12-hour light/dark cycle, and were anesthetised with
isoflurane before conducting any procedures. Every effort was made
to reduce the number of animals used, with a total of 26 mice. All
mice analysed have been basically included in the results. As this was
a proof-of-concept study, the sample size for each animal study was
determined based on previous experience and we usually used a
minimum of five mice in each experimental group. When compara-
tive intervention experiments were carried out, they were randomly
assigned. Mice belonging to different treatment groups were housed
in different cages to avoid confounding factors. All study arms were
open-label.

Two million PC9-luc cells were injected subcutaneously into one
side of the dorsum. Tumour volume was measured 9 days after sub-
cutaneous implantation of tumour cells; mice with small tumours
and whose diameter could not be measured were excluded. To
work out tumour volume, the maximum length of major axis
(length) and length of minor axis (width) were measured with an
external caliper. Tumour volumes supported on caliper measure-
ments were calculated using the subsequent formula: tumour
volume = length £ width2 £ 0.5. The mice were euthanised using
CO2 asphyxiation when tumours exceeded 15 mm long. To make a
pleural dissemination model, two million PC9-luc cells were injected
into the pleural cavity from the right intercostal space with a 30-G
needle [36]. After injection, the mice were rolled in order that the
cells spread throughout the pleura [30,37].

2.15. In vivo bioluminescence imaging (BLI)

D-luciferin (15 mg/mL, 200 mL) was injected to mice intraperito-
neally 9 days after subcutaneous cell transplantation or 5 days after
thoracic cavity cell transplantation, and luciferase activity was mea-
sured using an IVIS imaging system (IVIS Spectrum CT; Perkin Elmer).
Mice with no measurable luciferase activity were excluded (failure to
make xenograft). Regions of interest were identified on the tumours
for the subcutaneous transplantation model and on the ventral chest
for the pleural disseminated model, and luciferase luminescence was
quantified.
2.16. In vivo fluorescence imaging

IR700 fluorescence images were captured before therapy with a
fluorescence imager (Pearl Trilogy, LI-COR Biosciences)[38,39].
2.17. In vivo biodistribution imaging

Mice with subcutaneous tumours at 9 days after cell transplanta-
tion, fed white food for 1 week, are injected intravenously with
200 mg of huGPR87-IR700. 700 nm fluorescence images and white
images are acquired with Pearl Trilogy (LI-COR) immediately before
injection and at 30 min, 1, 2, 3, 6, 12, 24, 48 and 72 h after injection.
The 700 nm fluorescence intensity of the tumour, liver, normal skin
and background will be measured. Fluorescence intensity was calcu-
lated on a (target - background), and the target to normal skin ratio
was calculated as (target - background) / (normal skin - background).

In order to assess the specificity of the antibodies in vivo, blocking
studies were performed. Three hundred mg of GPR87hu or control
IgG antibody was injected via tail vein; then GPR87hu-IR700 (50 mg)
was injected 24 h after the injection. The 700 nm fluorescence images
were taken immediately before, and 30 min, 1, 2, 3, 6, 9 and 24 h after
injection of GPR87hu-IR700.
2.18. In vivo local GPR87-targeted NIR-PIT

Mice with a single-dorsum xenograft were randomised into two
groups as follows: no treatment (neither GPR87hu-IR700 injections
nor NIR-light exposure) (control) and huGPR87ab-IR700 injection fol-
lowed by NIR-light irradiation (PIT). The mice were injected with
200 mg of huGPR87-IR700 on day �1 (9 days after tumour cell injec-
tion into mice) and irradiated with NIR-light laser at 50 J/cm2 on day
0 and again at 100 J/cm2 on day 1 at 100 mW/cm2. Tumour volume
and luciferase activity were measured immediately before adminis-
tration of huGPR87-IR700 (day-1), and on day 0 and 1 before NIR-
irradiation, and on day 2, 3, 4 and 7. Tumour volume was the primary
endpoint for measuring treatment effect [30,40,41]. Mice seeded
with pleura were injected with 200 mg of huGPR87ab-IR700 on day 0
(5 days after tumour cell injection into the mice), and therefore the
larger tumour was irradiated with NIR-light laser at 45 J/cm2 at
60 mW/cm2 on day 1. Luciferase activity was measured immediately
before administration of huGPR87-IR700 (day 0) and on day 1 (before
NIR-irradiation), 2, 3 and 4. The primary endpoint for measuring
therapeutic efficacy was luciferase activity. The location of the
tumour was confirmed via BLI prior to NIR-irradiation in both the
subcutaneous and pleural disseminated model; the NIR-laser was
directed only at the tumour and the rest of the body was shielded by
aluminium foil [30,36].
2.19. Statistics

The experimental data are displayed as the means § SEM.
Statistical analyses were done with the Prism version 7 software

(GraphPad, San Diego, CA, USA). For 2-group comparisons, the
unpaired two-sided Student’s t-test was used. The statistically differ-
ences were considered significant if p-values <0.05 (*p < 0.05,
**p < 0.001). All data were collected in Microsoft Excel and GraphPad
Prism 7.
2.20. Role of funding sources

Funders only provided funding, and had no role in the study
design, data collection, data analysis, interpretation, and writing of
the report.
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3. Results

3.1. Immunostaining of human resected lung cancer and MPM surgical
specimens

Thirty NSLAC, 29 NSLSCC, 8 SCLC, and 9 MPM samples were col-
lected and stained according to the protocol. Fifteen (50%) NSLAC, 19
(65.5%) NSLSCC, 4 (37.5%) SCLC, and all (100%) MPM samples were
GPR87 positive (Fig. 2a and b). The GPR87 positivity rates for NSLAC
and NSLSCC were consistent with those reported in previous studies
[5,8]. These data supported the rationale and motivation to develop
GPR87-targeted therapy.

3.2. Conjugation of the GPR87ab with IR700DX

The integrity of the huGPR87ab-IR700 conjugate was confirmed
by observing strong IR700-fluorescence, which was detected in the
band of huGPR87ab, while huGPR87ab alone had no detectable fluo-
rescent signals on SDS-PAGE (Fig. 3a). Similarly, we confirmed the
conjugation of moGPR87ab-IR700 (data not shown).

On binding with GPR87-CHO cells, which were stably GPR87-
overexpressing strains, both moGPR87ab-IR700 and huGPR87ab-
IR700 showed similar reactions; almost no signals were observed in
Fig. 2. Immunohistochemical staining of resected surgical specimens.
(a) Hematoxylin-eosin and GPR87 staining in GPR87-positive and GPR87-negative non-

(NSLSCC), small-cell lung cancer (SCLC), and malignant pleural mesothelioma (MPM). Scale
positive control (Fig. S1). (b) The number and proportion of GPR87 positive samples in our in
considered GPR87 positive.
either 3T3 mouse fibroblasts or human normal bronchial epithelial
cell line HBEC3. However, huGPR87ab-IR700 showed higher IR700
fluorescence than moGPR87ab-IR700 in the human lung cancer cell
line PC-9 (Fig. 3b). During flow cytometric assays, PC9 with huG-
PR87ab-IR700 signals was blocked following the addition of excess
huGPR87ab (Fig. 3c), confirming that huGPR87ab-IR700 bound to
GPR87 proteins.

These results indicated that huGPR87ab and IR700 were conju-
gated properly, and the binding was stronger with huGPR87ab than
with moGPR87ab-IR700.
3.3. In vitro characterisation of the specific binding of huGPR87-IR700
to GPR87

The fluorescent signals obtained with huGPR87ab-IR700 from
H1975 (NSLAC), H661 (large cell lung carcinoma), H226 (NSLSCC),
SBC3, SBC5 (SCLC), MSTO-211H, and H2373 (MPM) were evaluated
using flow cytometry. Fluorescent signals from lung carcinoma and
malignant mesothelioma cells were higher for huGPR87ab-IR700
than for moGPR87ab-IR700 (Fig. 3d). These data indicated that
GPR87 is widely expressed, and huGPR87ab-IR700 had sufficient
binding affinity to lung carcinoma and malignant mesothelioma cell
small-cell lung adenocarcinoma (NSLAC), non-small-cell lung squamous cell carcinoma
bars, 100 mm. Immunostaining for the GPR87 positive PC-9 tumours was obtained as a
stitute is shown. Samples in which >10% of the cells show staining at any intensity are



Fig. 3. Confirmation of huGPR87ab-IR700 conjugate construction and binding ability.
(a) Validation of huGPR87ab-IR700 by SDS-PAGE (left: colloidal blue staining, right: fluorescence at 700 nm). Diluted huGPR87ab is used as a control. (b) Flow cytometric analy-

sis of huGPR87ab-IR700 in GPR87-CHO, 3T3, and PC9 cells. GPR87 expression in GPR87-CHO cells is evident, while fluorescence is essentially zero in the GPR87-negative 3T3 mouse
fibroblast cells. For PC9 cells, huGPR87ab has a higher affinity than moGPR87. (c) Prior incubation with excess huGPR87ab blocking the binding of huGPR87ab-IR700 to PC9 cells,
indicating that huGPR87ab-IR700 binds specifically to GPR87. (d) Examination of GPR87 expression in lung cancer and malignant mesothelioma cell lines with moGPR87ab-IR700
and huGPR87ab-IR700.
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Fig. 4. Effect of NIR-PIT with huGPR87ab-IR700 on PC9 cells in vitro.
(a) NIR-PIT with huGPR87ab-IR700 on PC9 cells was observed under a microscope. The huGPR87ab-IR700 was allowed to react for 8 h or more, and images were taken before

and after 64 J/cm2 NIR irradiation. Within 30 min after NIR irradiation, the cells burst and propidium iodide (PI; necrotic cell death marker) became positive. Scale bars, 10 mm. (b)
PC9-luc and 3T3-RFP were co-cultured and incubated with huGPR87ab-IR700, and images were taken before and after 64 J/cm2 NIR irradiation. Only PC9 cells were ruptured by
NIR irradiation and Sytox Blue (necrotic cell death marker) became positive, while 3T3-RFP remained intact. (c) Luciferase activity in PC9 cells treated with GPR87 targeting NIR-PIT
measured in relative light units (RLUs): the activity decreased in an NIR-light dose-dependent manner. (n = 3, *p < 0.05 [two-tailed unpaired t-test]). NIR, near-infrared; PIT,
photoimmunotherapy.
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lines. Moreover, huGPR87ab-IR700 had a higher affinity to the pro-
tein in vitro than moGPR87ab-IR700.

3.4. In vitro NIR-PIT effects with huGPR87-IR700 in lung cancer and
MPM cell lines

To confirm the effect of in vitro GPR87-targeted NIR-PIT using
optical monitoring, the PC9 cell line was genetically modified to
express luciferase (PC9-luc) (Fig. S2a and b). GPR87 expression did
not change after luciferase transfection (Fig. S2c).

PC9-luc cells were observed serially before and after NIR-PIT
employing a fluorescence microscope. After exposure to NIR-light
(64 J/cm2), cellular swelling, bleb formation, and death were
observed (Fig. 4a). No significant changes were observed in 3T3-RFP
(GPR87 negative) cells (Fig. 4b). In vitro NIR-PIT with huGPR87-IR700
was also performed with SBC5-luc (SCLC) and H2373-luc (MPM), and
similar results were obtained (Fig. S4a and b). These cellular changes
were observed within 30 min after NIR-light irradiation, suggesting
that necrotic cell death was rapidly induced by NIR-PIT.

Next, to quantify the effect of NIR-PIT in vitro, we performed a
cytotoxicity assay after 24 h using luciferase activity quantitation
with PC9-luc, SBC5, and H2373-luc. Luciferase activity significantly
decreased in NIR-PIT-treated cells (Fig. 4c and Fig. S3c and d). In sum-
mary, NIR-PIT induced necrotic cell death and exhibited light dose-
dependent manner in vitro.

3.5. In vivo biodistribution of huGPR87-IR700 in tumour bearing mice

To study the distribution of huGPR87ab-IR700 in vivo, we used a
xenograft model in which PC9-luc cells were inoculated into the right
dorsum of mice (a total of 3 mice were used in the experiment). After
200 mg of GPR87hu-IR700 injection, high fluorescence was observed
across the whole mouse body; the tumour was then gradually visual-
ised over the subsequent 1 h (Fig. 5a). The fluorescence intensity of
the tumour was strongest immediately after injection and 12 h later,
and the tumour-to-background ratio was highest after 12�24 h
(Fig. 5b and c). No specific localisation of IR700 was observed except
in the liver, kidney, and bladder, which is presumably due to hepatic
and renal metabolism and urinary excretion.

In the blocking study (n = 1 per experimental group, a total 2 of
mice were used in the experiment), tumour fluorescence could be
clearly observed in mice injected with IgG, while not in mice blocked
with GPR87 antibody. In contrast, the fluorescence in the liver and
bladder was similar in both mice (Fig. S4).

These results indicated that huGPR87ab-IR700 is distributed specifi-
cally in GPR87-expressing tumours. Based on these results, we decided
to administer treatment 1 day after huGPR87ab-IR700 administration.

3.6. In vivo anti-tumour effect of NIR-PIT with huGPR87ab-IR700 in
dorsal xenograft model

To monitor the destruction of the target tumour cells induced by
NIR-PIT, we examined BLI and fluorescence from mice with tumours
in the right dorsum (a total of 11 mice (6 controls and 5 NIR-PIT)
were used in the experiment). (Fig. 6a). Luciferase activity within the
control, as determined by BLI, showed a gradual increase that was
concomitant with tumour growth. In contrast, luciferase activity
decreased gradually over 2 days after NIR-PIT treatment (Fig. 6b).
NIR-PIT introduced on days 0 and 1 resulted in a significant decrease
in the percentage of tumour volumes. (Fig. 6c). Quantitative relative
light unit (RLU) was significantly reduced in NIR-PIT treated tumours
(Fig. 6d). In summary, GPR87-targeted NIR-PIT with huGPR87ab-



Fig. 5. In vivo biodistribution of huGPR87ab-IR700.
(a) Representative images before and after intravenous injection of huGPR87ab-IR700 (fluorescence imager, 700 nm). The fluorescence intensity of the signal increases up to 12 h post-injec-

tion and then gradually decreases until it became undetectable 3 days after injection. Signals in the bladder are observed 0.5 h after injection, and liver accumulation lasts for 1 day after injection.
Scale bars, 1 cm. (b) Fluorescence intensity measurement of the tumour and liver. Signal accumulation in the tumour is observed at 12 h after the injection (n = 3). (c) The target-to-background
ratios of the tumour and liver are shown. Higher accumulation is observed in the tumour than in the liver 2 to 3 days after injection (n = 3). Data are mean § SEM. (d) Ex vivo photos, fluores-
cence, and BLI imaging at day 1 after huGPR87ab-IR700 injection. The left image shows a mouse injected with huGPR87ab-IR700, and the right shows the control. Fluorescence is observed in
the liver, intestine (faeces), and kidneys in addition to the tumour (left side images). In the enlarged image of the tumour, huGPR87ab-IR700 accumulates in the tumour (right images). (Tu,
tumour; He, heart; Lu, lung; Li, liver; Pa, pancreas; Sp, spleen; Ki, kidney; In, intestine; Bl, bladder.). Scale bars, 1 cm.
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Fig. 6. In vivo GPR87 targeted NIR-PIT in mice dorsal xenograft tumour model.
(a) GPR87-targeted NIR-PIT regimen in a dorsal xenograft tumour model involving huGPR87ab-IR700 (200 mg) injection and NIR-light exposure (100 mW/cm2) is shown in a line. (b) In

vivo BLI and fluorescence of tumour-bearing mice. In the NIR-PIT group, luminescence decreases after NIR-light irradiation. Scale bars, 1 cm. (c) Tumour volume ratio is shown (before NIR-
PIT = 1). NIR-PIT introduced on days 0 and 1 leads to significant reductions in the tumour volume (at day 1: p = 0.0058; day 2: p = 0.0005, day 3: p = 0.0001; day 4: p = 0.0328, at day 7:
p = 0.0029) (control: n = 6, NIR-PIT: n = 5, *p < 0.05, **p < 0.001, [two-tailed unpaired t-test]). (d) Quantitative RLUs shows a significant decrease in GPR87-targeted NIR-PIT-treated tumours
(at day 7: p = 0.0033) (control: n = 6, NIR-PIT: n = 5, **p < 0.001, [two-tailed unpaired t-test]). NIR, near infrared; PIT, photoimmunotherapy; RLU, relative light unit.
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Fig. 7. In vivo GPR87 targeted NIR-PIT in a pleural disseminated xenograft model.
(a) GPR87-targeted NIR-PIT regimen in mice pleural disseminated tumour model involving huGPR87ab-IR700 (200mg) injection and NIR-light exposure (60 mW/cm2) is shown

in a line. (b) Ex vivo fluorescence imaging on day 1 after huGPR87ab-IR700 injection to confirm the pleural disseminated tumour model. The tumour mass is not visible in the photo-
graph, but pleural dissemination can be observed with bioluminescence imaging (BLI) and 700-nm fluorescence imaging throughout the thoracic cavity. Scale bars, 1 cm. (c) In vivo
BLI of a mice pleural disseminated tumour model with the treatment. In the NIR-PIT group, luminescence decreases after irradiation with NIR-light. Scale bars, 1 cm. (d) Quantitative
RLU decreases significantly in GPR87-targeted NIR-PIT-treated tumours (on day 3: p = 0.0495) (n = 5, *p < 0.05, [two-tailed unpaired t-test]). NIR, near infrared; PIT, photoimmuno-
therapy; RLU, relative light unit.
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IR700 was effective against the flank tumour and successfully
achieved site-specific tumour ablation.

3.7. In vivo antitumour effect of NIR-PIT in a pleural dissemination
model

To evaluate the therapeutic effect of NIR-PIT in a more clinical set-
ting, we used a pleural dissemination model (n = 5 per experimental
group, a total of 10 mice were used in the experiment) (Fig. 7a). We
used a xenograft model in which PC9-luc cells were injected into the
pleural cavity of mice fed a white diet for at least 1 week. Two hun-
dred micrograms of the antibody were injected via the tail vein. One
day after the injection, the distribution of PC9-luc cells in the thoracic
cavity was evaluated by BLI, and the distribution of antibodies was
confirmed with a 700-nm fluorescence ex vivo (n = 1 per experimen-
tal group, a total of 2 mice were used for ex vivo imaging). Successful
establishment of tumour pleural dissemination was confirmed, and
the antibody was widely distributed in the pleural cavity (Fig. 7b). Up
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to 4 days after NIR-PIT treatment, a decrease in bioluminescence was
observed, which was significantly different from that of the control
(Fig. 7c and d). NIR-PIT targeting GPR87 showed an anti-tumour
effect on human lung cancer cell lines in vivo with a newly developed
humanised antibody.

4. Discussion

GPR87 has high tumour specificity and is a promising target for
cancer treatment [14]. The rate of EGFR mutation, the most common
mutation in lung cancer, is 10�40%, and it is rare in NSLSCC [42�44].
In this study, 50% of NSLAC and 65.5% of NSLSCC were positive for
GPR87, similar to a previous report [11]. Thus, the number of patients
suitable for NIR-PIT targeting GPR87 is expected to be high, although
limitations owing to disease progression are expected. It is notewor-
thy that this is the first study to evaluate the expression of GPR87 in
SCLC and MPM specimens, which was especially expressed in MPM.
As described above, although many proteins can be targeted, no
definitive therapeutic method has been developed thus far. In this
study, it was a great achievement to show an effective therapeutic
effect by targeting GPR87.

NIR-PIT is greatly affected by antibodies and the NIR irradiation
method. For the successful clinical application of the mouse antibody,
it is necessary to reduce its immunogenicity via chimerisation or
humanisation. Clinical experience shows that the murine variable
region of the chimeric mAb induces HAMA and produces humanised
antibodies [45,46]. There are many methods for developing a human-
ised antibody. For our study, we transplanted the CDR of a mouse
antibody into a human framework. A decrease in affinity might occur
when using this method, and it is necessary to maintain the affinity
of the antibody by retaining the Vernier zone [47]. We confirmed the
affinity of the huGPR87 antibody produced in this study and con-
firmed that it is higher than that of moGPR87.

Most mouse tumour models are subcutaneous transplants, but it
has been reported that they differ in dynamics from tumour cells in
specific organs. Therefore, it is important to evaluate a mouse model
that is close to the clinical setting [48�50]. Finally, we confirmed the
therapeutic effect of the human lung cancer cell line PC9 in the intra-
pleural dissemination model.

NIR-PIT is a modality that differs in many ways from conventional
photodynamic therapy (PDT), which uses light-sensitive substances
and-light irradiation. For example, in PDT the light-sensitive sub-
stance is taken up by the cells in a non-specific manner and causes
cytotoxicity via oxidative stress when exposed to light, whereas in
NIR-PIT the antibody-IR700 acts only on the targeting cells and dam-
ages the cell membrane when exposed to NIR-light [51,16].

The mechanism of NIR-PIT has been elucidated, i.e., the binding of
IR700 to the antibody and subsequent activation by NIR-light results
in a change of the aggregate from hydrophilic to hydrophobic. As a
result, the cell membrane is damaged, fluid flows into the cell, and
the cell finally ruptures [51�53]. The contents of the necrotic cells
promote the maturation of immature dendritic cells and cause immu-
nogenic cell death. As this study was carried out in immunodeficient
mice, the results would be even better in humans, where the effect is
expected to be due to an immune response [53,54]. Thus, the NIR-PIT
cell death mechanism is a unique, potentially new modality for MPM.
Moreover, MPM rarely metastasizes and is easily controlled by this
GPR87 targeting NIR-PIT.

There are a few limitations to this study. First, the number of SCLC
and MPM cases is limited and may not be consistent with the inci-
dence in clinical practice. In addition, MPM was not included in this
study because sarcoma is not an indication for surgery. In the present
study, we evaluated MPM and SCLC for therapeutic targeting of tho-
racic tumours. The high expression rate of GPR87 in MPM is very
interesting and may be a new therapeutic option for MPM. We
believe that the expression of GPR87 needs to be investigated in a
larger number of cases. Second, the images of biodistribution in mice
showed some accumulation in organs other than the tumour. This
indicates that NIR-PIT may cause damage to organs. However, one of
the major advantages of NIR-PIT is that the treatment site can be
selected by NIR-light. We treated intrathoracic tumours in a pleural
dissemination model in vivo without fatal adverse events. We believe
that the antibodies we developed are specific enough to allow NIR-
PIT. However, the accumulation of the antibody in organs may cause
unexpected side effects, and it is necessary to further improve the
specificity of the antibody for clinical application.

In the future, GPR87 targeting NIR-PIT is expected to be per-
formed on GPR87-high expression tumours. Cancers in the thoracic
cavity or other sites were biopsied and then evaluated for GPR87
expression. Patients with high GPR87 expression are expected to be
treated with GPR87ab-IR700 followed by NIR irradiation from the
body surface or transendoscopically or transdrainally using a fiber
light source [55,56]. In addition, the combination of NIR-PIT and
immune checkpoint inhibitors will be investigated for the specific
eradication of cancer cells by enhanced immunogenic cell death
[51,54].

In conclusion, the present study demonstrated the frequently
expressed high levels of GPR87 in lung cancer and MPM. HuGPR87ab
reacted with several cancer cell lines and selectively destroyed the
cells by NIR-PIT targeting GPR87 in vitro. Subcutaneous or pleural dis-
seminated lung cancer mouse models were prepared, and NIR-PIT
targeting GPR87 resulted in a decrease in tumour cell activity in vivo.
Further research is needed for clinical applications.
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