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Abstract 

Pleural metastases are common in patients with advanced thoracic cancers and are a cause of 
considerable morbidity and mortality yet is difficult to treat. Near Infrared Photoimmunotherapy 
(NIR-PIT) is a cancer treatment that combines the specificity of intravenously injected antibodies 
for targeting tumors with the toxicity induced by photosensitizers after exposure to NIR-light. 
Herein, we evaluate the efficacy of NIR-PIT in a mouse model of pleural disseminated non-small 
cell lung carcinoma (NSCLC). In vitro and in vivo experiments were conducted with a HER2, lu-
ciferase and GFP expressing NSCLC cell line (Calu3-luc-GFP). An antibody-photosensitizer con-
jugate (APC) consisting of trastuzumab and a phthalocyanine dye, IRDye-700DX, was synthesized. 
In vitro NIR-PIT cytotoxicity was assessed with dead staining, luciferase activity, and GFP fluo-
rescence intensity. In vivo NIR-PIT was performed in mice with tumors implanted intrathoracic 
cavity or in the flank, and assessed by tumor volume and/or bioluminescence and fluorescence 
thoracoscopy. In vitro NIR-PIT-induced cytotoxicity was light dose dependent. In vivo NIR-PIT led 
significant reductions in both tumor volume (p = 0.002 vs. APC) and luciferase activity (p = 0.0004 
vs. APC) in a flank model, and prolonged survival (p < 0.0001). Bioluminescence indicated that 
NIR-PIT lead to significant reduction in pleural dissemination (1 day after PIT; p = 0.0180). Fluo-
rescence thoracoscopy confirmed the NIR-PIT effect on disseminated pleural disease. In conclu-
sion, NIR-PIT has the ability to effectively treat pleural metastases caused by NSCLC in mice. Thus, 
NIR-PIT is a promising therapy for pleural disseminated tumors. 

Key words: photoimmunotherapy, fluorescence thoracoscopy, pleural dissemination, biolumines-
cence imaging, fluorescence imaging. 

Introduction 
Lung cancer is the most common cause of can-

cer-related deaths worldwide. In the USA in 2014, 
224,210 people were diagnosed with lung cancer and 
159,260 died [1]. Lung cancer is an aggressive disease 
with a very low 5-year survival. About 80% of lung 
cancers are histologically classified as non-small cell 
lung carcinoma (NSCLC). During the course of lung 
cancer, pleural spread of NSCLC, which is a lethal 
complication, frequently occurs in advanced patients 
[2]. Although early stage and locally advanced 
NSCLC can be treated with a combination of surgery, 
chemotherapy, and radiation therapy, palliative 

chemotherapy is the only practical treatment for 
NSCLC with pleural metastases, resulting in only 6-9 
month median survival [3]. In recognition of the poor 
prognosis associated with pleural metastasis, such 
disease has recently been reclassified from T4 to M1a 
[4]. Therefore, therapies that could treat pleural me-
tastases without excessive collateral damage to the 
lungs might be predicted to prolong survival. 

 Intrapleural conventional photodynamic ther-
apy (PDT) has been previously tested in patients after 
surgical debulking of pleural disease [5]. However, 
this treatment (using porfimer sodium as the PDT 
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agent) produced some toxicities due to the poor se-
lectivity of the agent. PDT for malignant pleural mes-
othelioma was also performed after surgical debulk-
ing and immunochemotherapy, this phase III study 
for malignant pleural mesothelioma failed to show a 
difference in overall survival or progression free sur-
vival for the group with additional intraoperative 
PDT [6]. More recently, a phase II trial of pleural PDT 
after surgery for NSCLC with pleural spread demon-
strated that surgery and conventional PDT could be 
performed safely resulting in good local control and 
prolonged median survival [7] Thus, conventional 
PDT results in equivocal benefits for patients with 
metastases to the pleural. One clear problem with 
conventional PDT is that produces considerable 
damage to adjacent tissues thus, negating any poten-
tial benefit from the treatment itself. 

The concept of using targeted light therapy is 
over three decades old [8,9]. However, the original 
PDT agents were highly hydrophobic and therefore 
the pharmacokinetics of antibody conjugated PDT 
agents were difficult to target to tumors alone. Pre-
vious studies have attempted to target conventional 
PDT agents by conjugating them to antibodies. Un-
fortunately, these conjugates were usually trapped in 
the liver and could only be used in isolated body cav-
ities such as the peritoneum [10,11]. A study using a 
more hydrophilic phthalocyanine-based photosensi-
tizer (Aluminum (III) Phthalocyanine Tetrasulfonate) 
has been published, however, no in vivo treatment 
response data was reported [12]. The recognition that 
substituting a water soluble phthalocyanine-based 
photosensitizer (IR700) in the conjugation with an 
antibody and applying near infrared light has led to 
much higher selectivity. NIR-PIT differs from these 
prior PDT not only in the water-solubility of the 
photosensitizer, but also in its reliance on NIR light 
that has better tissue penetration than the lower 
wavelengths used for exciting PDT agents. This anti-
body-photosensitizer conjugates (APC) demonstrates 
similar intravenous pharmacokinetics to naked anti-
bodies, resulting in highly targeted tumor accumula-
tion with minimal non-target binding. When bound to 
targeted cells, APCs induce rapid, selective cytotoxi-
city after exposure to NIR light. In vitro studies have 
demonstrated that NIR-PIT is highly target 
cell-specific and leads to rapid and irreversible cell 
death due to membrane damage [13–16].  

One obvious limitation of NIR-PIT is that it 
would seem limited to tumors located relatively 
shallow from the surface that can be easily exposed to 
NIR light. However, light can be administered endo-
scopically and among the organs, the lungs have the 
best ability to transmit light because they are mostly 
filled with air. Thus, NIR light administered to the 

thoracic cavity could easily penetrate within pleural 
disease. In this study, we investigate the efficacy of 
NIR-PIT for treating pleural disease in a NSCLC 
mouse model. 

Materials and methods 
Reagents 

 Water soluble, silicon-phthalocyanine deriva-
tive, IRDye 700DX NHS ester and IRDye 800CW NHS 
ester were obtained from LI-COR Bioscience (Lincoln, 
NE, USA). Panitumumab, a fully humanized IgG2 
mAb directed against EGFR, was purchased from 
Amgen (Thousand Oaks, CA, USA). Trastuzumab, 
95% humanized IgG1 mAb directed against HER2, 
was purchased from Genentech (South San Francisco, 
CA, USA). All other chemicals were of reagent grade. 

Synthesis of Antibody-dye conjugates  
Conjugation of dyes with mAbs was performed 

according to previous reports [13,14]. In brief, pani-
tumumab or trastuzumab (1 mg, 6.8 nmol) was incu-
bated with IR700 NHS ester (60.2 µg, 30.8 nmol) or 
IR800CW NHS ester (35.9 µg, 30.8 nmol) in 0.1 mol/L 
Na2HPO4 (pH 8.6) at room temperature for 1 hr. The 
mixture was purified with a Sephadex G25 column 
(PD-10; GE Healthcare, Piscataway, NJ, USA). The 
protein concentration was determined with Coo-
massie Plus protein assay kit (Thermo Fisher Scientific 
Inc, Rockford, IL, USA) by measuring the absorption 
at 595 nm with spectroscopy (8453 Value System; Ag-
ilent Technologies, Santa Clara, CA, USA). The con-
centration of IR700 or IR800 was measured by ab-
sorption at 689 nm or 774 nm respectively to confirm 
the number of fluorophore molecules conjugated to 
each mAb. The synthesis was controlled so that an 
average of four IR700 molecules or two IR800 mole-
cules were bound to a single antibody. We performed 
SDS-PAGE as a quality control for each conjugate as 
previously reported [13]. We abbreviate IR700 conju-
gated to trastuzumab as tra-IR700, to panitumumab as 
pan-IR700 and IR800 conjugated to trastuzumab as 
tra-IR800. 

Cell culture 
HER2 and luciferase/GFP-expressing Ca-

lu3-luc-GFP cells were established with a transfection 
of RediFect Red-FLuc-GFP (PerkinElmer, Waltham, 
MA, USA). High GFP and luciferase expression was 
confirmed with 10 passages of the cells. Balb/3T3 cells 
were transfected with RFP (EF1a)-Puro lentiviral par-
ticles (AMSBIO, Cambridge, MA, USA). High, stable 
RFP expression was confirmed after 10 passages in the 
absence of a selection agent. To evaluate specific cell 
killing by NIR-PIT, 3T3 cells stably expressing RFP 
(3T3-RFP) were used as negative controls. Cells were 
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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 hu-
midified incubator at 37°C at an atmosphere of 95% 
air and 5% carbon dioxide. 

Flow Cytometry 
Fluorescence from cells after incubation with 

pan-IR700 or tra-IR700 was measured with a flow 
cytometer (FACS Calibur, BD BioSciences, San Jose, 
CA, USA) and CellQuest software (BD BioSciences). 
Calu3-luc-GFP cells (1x105) were incubated with each 
APC for 6 hr at 37°C. To validate the specific binding 
of the conjugated antibody, excess antibody (50 µg) 
was used to block 0.5 µg of antibody-dye conjugates 
[16].  

Fluorescence microscopy 
To detect the antigen specific localization of an-

tibody-dye conjugates, fluorescence microscopy was 
performed (IX61 or IX81; Olympus America, Melville, 
NY, USA). Ten thousand cells were seeded on cov-
er-glass-bottomed dishes and incubated for 24 hr. 
Tra-IR700 was then added to the culture medium at 10 
µg/mL and incubated at 37°C for 6 hr. The cells were 
then washed with PBS; Propidium Iodide 
(PI)(1:2000)(Life Technologies) and Cytox Blue 
(1:500)(Life Technologies), were used to detect dead 
cells. They were added into the media 30 min before 
the observation. The cells were then exposed to NIR 
light (2 J/cm2) and serial images were obtained. The 
filter was set to detect IR700 fluorescence with a 
590–650 nm excitation filter, and a 665–740 nm band 
pass emission filter.  

Analysis of the images was performed with Im-
ageJ software (http://rsb.info.nih.gov/ij/) [17]. 

In vitro NIR-PIT 
One hundred thousand cells were seeded into 24 

well plates or ten million cells were seeded onto a 10 
cm dish and incubated for 24 hr. Medium was re-
placed with fresh culture medium containing 10 
µg/mL of tra-IR700 which was incubated for 6 hr at 
37°C. After washing with PBS, phenol red free culture 
medium was added. Then, cells were irradiated with 
a NIR laser, which emits light at 685 to 695 nm wave-
length (BWF5-690-8-600-0.37; B&W TEK INC., New-
ark, DE, USA). The actual power density of mW/cm2 
was measured with an optical power meter (PM 100, 
Thorlabs, Newton, NJ, USA).  

Cytotoxicity/ Phototoxicity assay 
The cytotoxic effects of NIR-PIT with tra-IR700 

were determined by the luciferase activity and flow 
cytometric PI staining. For luciferase activity, 150 

μg/mL of D-luciferin-containing media (Gold Bio-
technology, St Louis, MO, USA) was administered to 
PBS-washed cells 1 hr after NIR-PIT, and analyzed on 
a bioluminescence imaging (BLI) system (Photon 
Imager; Biospace Lab, Paris, France). For the flow 
cytometric assay, cells were trypsinized 1 hr after 
treatment and washed with PBS. PI was added to the 
cell suspension (final 2 μg/mL) and incubated at 
room temperature for 30 min, prior to flow cytometry.  

To investigate the specificity of tra-IR700, excess 
trastuzumab 1,000 µg/mL added to the medium for 1 
hr, and 10 µg/mL of tra-IR700 was added to the me-
dia for 6 hr. Without washing with PBS, NIR light was 
administered and 1 hr later PI staining was performed 
as above. 

Estimation of GFP fluorescence intensity in 
vitro 

Two hundred thousand cells were seeded on 
cover-glass-bottomed dishes and incubated for 12 hr. 
Tra-IR700 was then added to the culture medium 
(phenol red free) at 10 µg/mL and incubated at 37°C 
for 6 hr, followed by NIR-PIT. Cells were trypsinized 
1 hr after treatment and washed with PBS, then ana-
lyzed by flow cytometry. 

Animal and tumor models 
All in vivo procedures were conducted in com-

pliance with the Guide for the Care and Use of La-
boratory Animal Resources (1996), US National Re-
search Council, and approved by the local Animal 
Care and Use Committee. Six- to eight-week-old fe-
male homozygote athymic nude mice were purchased 
from Charles River (NCI-Frederick). During proce-
dures, the mice were anesthetized with inhaled 
isoflurane.  

Six million Calu3-luc-GFP cells were injected 
subcutaneously in the right dorsum of the mice. 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 by the follow-
ing formula; tumor volume = length × width2 × 0.5. 
Tumors reaching approximately 100 mm3 in volume 
were selected for further experiments. Body weight 
was checked on the scale. 

For BLI, D-luciferin (15 mg/mL, 200 μL) was in-
jected intraperitoneally and the mice were analyzed 
with a Photon Imager for luciferase activity at day 11. 
Mice were selected for further study based on tumor 
size and bioluminescence. 

 In order to create a pleural disseminated NSCLC 
model, six million Calu3-luc-GFP NSCLC cells in PBS 
(total 200 μL) were injected into the thoracic cavity 
through a right intercostal space using a 30G needle. 
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To avoid lung injury, the needle could only be in-
serted 5 mm (a foam styrol stopper prevented deeper 
insertion). Twenty days later, bioluminescence was 
performed after D-luciferin (15 mg/mL, 200 μL) was 
injected intraperitoneally and the mice were imaged 
with the Photon Imager; mice with sufficient activity 
were selected for further study. 

In vivo fluorescence imaging 
In vivo fluorescence images were obtained with a 

Pearl Imager (LI-COR Bioscience) for detecting 
IR700/ IR800 fluorescence, and a Maestro Imager 
(CRi, Woburn, MA, USA) for GFP. For GFP, a 
band-pass filter from 445 to 490 nm (excitation) and a 
long-pass blue filter over 515 nm (emission) were 
used. The tunable emission filter was automatically 
stepped in 10 nm increments from 500 to 600 nm for 
the green filter sets at a constant exposure (1000 
msec). The spectral fluorescence images consist of 
autofluorescence spectra and the spectra from GFP 
(Calu3-luc-GFP tumor), which were then unmixed, 
based on the characteristic spectral pattern of GFP, 
using Maestro software (CRi).  

Fluorescence thoracoscopy 
A model BF XP-60 bronchoscope system was 

inserted by a trained bronchoscopist/thoracosciopist 
(KS) via an intercostal space after the animal was eu-
thanized, and the intrathoracic cavity was observed 
with white light and fluorescence imaging using mul-
ti-band excitation filters. Thoracoscopic images were 
obtained via a dichroic splitter, in which both the ex-
citation light images were displayed using the image 
processor (OTV-S7; Olympus Co., Tokyo, Japan; not 
commercially available), and the fluorescence images, 
which were filtered by in-house designed multicolor 
emission filters (516 to 556 nm band-pass for GFP and 
680 to 710 nm band-pass for IR700) were detected 
with an (EM)-CCD camera (Texas Instruments, Dal-
las, TX, USA). Both images were displayed side by 
side on the PC monitor with DualView 2 software 
(RGB Spectrum). Real-time images of both white light 
and fluorescence images were recorded. Camera gain, 
exposure time, and binning for the fluorescence im-
ages were held constant in each fluorescent protein 
throughout the study. Analysis of the images was 
performed with ImageJ software (http://rsb.info. 
nih.gov/ij/). 

Characterization of the pleural disseminated 
mouse model 

Both the disseminated pleural model and the 
subcutaneous bilateral flank models received 100 μg 
of tra-IR700 or tra-IR800 intravenously (tra-IR800 was 
used to avoid auto-fluorescence). One day after injec-
tion, serial images were performed with a fluores-

cence imager (Pearl Imager) for detecting IR700/ 
IR800 fluorescence, with the Photon Imager for BLI, 
and the Olympus BF XP-60 thoracoscopy. Images of 
the mice were obtained with an iphone5 (Apple Inc., 
Cupertino, CA, USA).  

In vivo NIR-PIT  
Calu3-luc-GFP right dorsum tumor xenografts 

were randomized into 4 groups of at least 7 animals 
per group undergoing one of the following treat-
ments: (repeated PIT)[18]: (1) no treatment (control); 
(2) only NIR light exposure at 50 J/cm2 on day 1 and 
100 J/cm2 on day 2; (3) 100 μg of tra-IR700 i.v., no NIR 
light exposure; (4) 100 μg of tra-IR700 i.v., NIR light 
was administered at 50 J/cm2 on day 1 after injection 
and 100 J/cm2 on day 2 after injection. These therapies 
were performed only once at day 14 after cell im-
plantation. Mice were monitored daily, and tumor 
volumes and body weight were measured three times 
a week until the tumor diameter reached 2cm, 
whereupon the mouse was euthanized with carbon 
dioxide.  

In vivo imaging was acquired with a fluores-
cence imager (Pearl Imager) for detecting IR700 fluo-
rescence, and the Photon Imager for BLI. For analyz-
ing BLI, ROI of similar size were placed over the en-
tire tumor.  

For evaluation of NIR-PIT effects in the pleural 
disseminated NSCLC mouse model, mice were ran-
domized into 4 groups of 7 animals per group in-
cluding: (1) no treatment (control); (2) only NIR light 
exposure at 50 J/cm2 on day 1 and 100 J/cm2 on day 2; 
(3) 100 μg of tra-IR700 i.v., no NIR light exposure; (4) 
100 μg of tra-IR700 i.v., NIR light was administered at 
50 J/cm2 on day 1 after injection and 100 J/cm2 on day 
2 after injection. NIR light was applied transcutane-
ously followed by serial fluorescence imaging and 
BLI.  

Histological analysis  
 To evaluate histological changes of lung at 1 day 

after PIT, microscopy was performed (BX51, Olympus 
America). Lungs with tumors were harvested and 
placed in 10% formalin. Serial 10-μm slice sections 
were fixed on glass slide for H-E staining.  

Statistical Analysis 
Data are expressed as means ± s.e.m. from a 

minimum of four experiments, unless otherwise in-
dicated. Statistical analyses were carried out using a 
statistics program (GraphPad Prism; GraphPad Soft-
ware, La Jolla, CA, USA). For multiple comparisons, a 
one-way analysis of variance (ANOVA) with Tukey’s 
test was used. The cumulative probability of survival, 
determined herein as the tumor diameter failing to 
reach 2 cm, was estimated in each group with the use 
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of the Kaplan-Meier survival curve analysis, and the 
results were compared with the log-rank test and 
Wilcoxon test. p < 0.05 was considered to indicate a 
statistically significant difference. 

Results 
Characterization of the cell line and the 
NIR-PIT effect 

To monitor optically the effect of NIR-PIT, 
NSCLC cell line Calu3 was genetically modified to 
express GFP and luciferase (Calu3-luc-GFP)(Fig. 1A). 
The fluorescence signals obtained with pan-IR700 and 
tra-IR700 using Calu3-luc-GFP cells were evaluated 
by FACS. After 6 hr incubation with either pan-IR700 
or tra-IR700, Calu3-luc-GFP cells showed higher 
brightness with tra-IR700 than with pan-IR700 con-
sistent with the expression profile (Fig. 1B). These 
signals were completely blocked by the addition of 
excess trastuzumab, suggesting specific binding and 
validating that the addition of the luciferase/ GFP 
gene had not altered the cell expression profile. Serial 
fluorescence microscopy of Calu3-luc-GFP cells per-
formed before and after NIR-PIT (2 J/cm2) demon-
strated rapidly appearing cellular swelling, bleb for-
mation and rupture of the lysosome (Fig. 1C). 
Time-lapse imaging showed acute morphologic 
changes in the cell membrane within 25 minutes and 
fluorescence of PI indicating cell death (Additional 
File 2: Video S1). No significant changes were ob-
served in HER2-negative 3T3 cells after exposure to 
NIR light, suggesting NIR-PIT induced no damage in 
non-target cells (Additional File 1: Fig. S1). Based on 
the incorporation of PI, the cell death percentage in-
creased in a light dose dependent manner. No signif-
icant cytotoxicity was observed with NIR light expo-
sure alone or with tra-IR700 alone (Fig. 1D). NIR-PIT 
was blocked with excess trastuzumab even in 
tra-IR700 containing media (Additional File 1: Fig. S2). 
Bioluminescence showed significant decreases of rel-
ative light units (RLU) in NIR-PIT treated cells (Fig. 
1E). BLI also showed a decrease of luciferase activity 
in a light dose dependent manner (Fig. 1F). GFP flu-
orescence intensity was greatly reduced in dead cells 
(stained positive with PI), while GFP fluorescence was 
preserved in surviving cells (Fig. 1G). GFP fluores-
cence was likely reduced after NIR-PIT because the 
GFP was extruded from the cytoplasm after mem-
brane rupture leading to dilution and/or denatura-
tion. The GFP fluorescence ratio on FACS showed 
decreases in a light dose dependent manner, while no 
decrease was detected with NIR light exposure or 
Pan-IR700 alone (Fig. 1H). Collectively, these data 
suggested that the effects of NIR-PIT on Ca-
lu3-luc-GFP could be monitored with GFP fluores-

cence and bioluminescence. 

In vivo NIR-PIT reduced tumor volume and 
luciferase activity in a flank xenograft model 

 In vivo NIR-PIT experiments were first con-
ducted on flank xenografts of Calu3-luc-GFP. The 
NIR-PIT regimen and imaging protocol are depicted 
in Fig. 2A. Both BLI and fluorescence decreased after 
NIR-PIT (Fig. 2B and Additional File 1: Fig. S3A). RLU 
of tumor in other groups showed a gradual increase 
due to tumor growth. In contrast, luciferase activity 
decreased 1 day after repeated NIR-PIT (*p = 0.002 < 
0.01, PIT vs. APC, Tukey’s test with ANOVA)(Fig. 
2C). The body weight (BW) ratio showed no remark-
able acute toxicity (Fig. 2D). Significant decreases (**p 
= 0.0004 < 0.001, PIT vs. APC, Tukey’s test with 
ANOVA) in tumor volume were confirmed, which 
was consistent with luciferase activities (Fig. 2E). 
Survival was prolonged significantly in the PIT group 
(***P < 0.0001, Long-rank test and Wilcoxon test)(Fig. 
2F). Since bioluminescence is more sensitive to tumor 
killing as it is based on live cells, the physical tumor 
volume took longer to show the effect of NIR-PIT. 
Collectively, these data suggest that NIR-PIT caused 
significant tumor reduction and prolonged survival in 
the in vivo flank tumor model. 

Characterization of the pleural disseminated 
NSCLC mouse model  

 Prior to therapy, implanted thoracic tumors 
were evaluated with serial fluorescence imaging, BLI 
and fluorescence thoracoscopy. The implanted tho-
racic disseminated tumors demonstrated high activity 
with fluorescence imaging based on IR700, IR800 and 
GFP, but also high activity on bioluminescence, which 
co-localized with each other (Fig. 3). Fluorescence 
thoracoscopy indicated that disseminated tumor es-
tablishment and the good contrast of IR700 between 
tumors and intrathoracic organs (Fig. 3 and Addi-
tional File 3: video S2), which confirmed pleural me-
tastases that fluoresced preferentially with tra-IR700. 
These data suggest that pleural disseminated NSCLC 
cancer mouse model with Calu3-luc-GFP cells was 
successfully established; intravenously injection of 
agent could reach the disseminated tumors. 

In vivo NIR-PIT effect in pleural disseminated 
cancer mouse model 

 After treatment with NIR-PIT pleural dissemi-
nated tumors decreased in bioluminescence and flu-
orescence (Fig. 4A and 4B and Additional File 1: Fig. 
S3B). While the RLU decreased in the NIR-PIT treated 
tumors, RLU of tumor in other groups showed a 
gradual increase due to tumor growth. In contrast, 
luciferase activity decreased 1 day after repeated 
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NIR-PIT (*p = 0.0180 < 0.05, PIT vs. APC, Tukey’s test 
with ANOVA)(Fig. 4C). The BW ratio showed no 
change (ns, PIT vs. APC, light, control, Tukey’s test 
with ANOVA) (Fig. 4D). Taken together, these data 
suggest that NIR-PIT caused significant tumor reduc-
tion in vivo pleural disseminated model. 

In vivo NIR-PIT effect assessed with GFP fluo-
rescence imaging 

 Finally, to assess the effect of repeated NIR-PIT 
on Calu3-luc-GFP tumor in vivo, GFP fluorescence 
imaging was performed in both the flank model and 

pleural disseminated model (Fig. 5A). With the flank 
model, both GFP/ IR700 fluorescence disappeared at 
1 day after NIR-PIT, which was confirmed by ex vivo 
tumor imaging (Fig. 5B). Using fluorescence thoraco-
scopy, GFP and IR700 fluorescence disappeared (Fig. 
5C and videos S3 and S4 in Additional Files 4-5). A 
small effusion was observed with thoracoscopy (Fig. 
5C arrow). Moreover, there was no apparent damage 
to the normal lung by NIR-PIT as observed with his-
tological analysis (Fig. 6). 

 
Figure 1. Characterization of cell line and evaluation of NIR-PIT effect. (A) Stable expression of GFP was confirmed with FACS. (B) Expression of HER1 and HER2 in 
Calu3-luc-GFP cells was examined with FACS. HER2 was overexpressed while HER1 showed normal expression. Specific binding was demonstrated with a blocking study. No 
remarkable change in expression of HER2 was detected compared with wild type Calu3. (C) Calu3-luc-GFP cells were incubated with tra-IR700 for 6 hr, and observed with a 
microscope before and after irradiation of NIR light (2 J/cm2). Necrotic cell death was observed after exposure to NIR light (1 hr after NIR-PIT). Bar = 20 µm. (D) Membrane 
damage and necrosis induced by NIR-PIT was measured by dead cell count using PI staining. Cell killing increased in a NIR-light dose-dependent manner (n = 4, *p < 0.0001, vs. 
untreated control, Student’s t test). (E) Luciferase activity in Calu3-luc-GFP cells was measured as relative light unit (RLU), which also decreased in a NIR-light dose-dependent 
manner (n = 4, *p < 0.0001, vs. untreated control, Student’s t test). (F) Bioluminescence imaging (BLI) of a 10 cm dish demonstrated that luciferase activity in Calu3-luc-GFP cells 
decreased in a NIR-light dose-dependent manner. (G) Calu3-luc-GFP cells were incubated with tra-IR700 for 6 hr and irradiated with NIR-light (2 J/cm2). GFP-fluorescence 
intensity decreased in dead cells (*) but was unchanged in living cells at 1 hr after NIR-PIT. Bar = 100 µm. (H) GFP fluorescence intensity decreased after NIR-PIT in a NIR-light 
dose-dependent manner as measured by FACS (n = 4, *p < 0.005, **p < 0.0001, vs. untreated control, Student’s t test). 
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Figure 2. Evaluation of NIR-PIT in flank model. (A) The regimen of NIR-PIT is shown. Images were obtained as indicated. (B) In vivo BLI and fluorescence imaging of tumor 
bearing mice in response to NIR-PIT. Prior to NIR-PIT, tumors were approximately the same size and exhibited similar bioluminescence. (C) Quantitative RLU showed a 
significant decrease in NIR-PIT-treated tumors (n = 7 mice in each group)(*p = 0.002 < 0.01, PIT vs. APC, Tukey’s test with ANOVA). (D) Body weight (BW ratio) of tumor 
bearing mice in response to NIR-PIT. No significant difference was detected among the groups (n = 7). (E) NIR-PIT leads to reductions in tumor volume (n=10 mice in each 
group)(**p = 0.0004 < 0.001, PIT vs. APC, Tukey’s test with ANOVA). Treatment is indicated below the graph. (F) Repeated NIR-PIT leads to prolonged survival in Ca-
lu3-luc-GFP tumor bearing mice (n = 7 mice in each group)(***P < 0.0001, Long-rank test and Wilcoxon test). 
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Figure 3. Characterization of the pleural disseminated NSCLC model. In vivo BLI and fluorescence (GFP/ IR700/ IR800) imaging of Calu3-luc-GFP tumor in flank and 
pleural disseminated model are shown and demonstrate colocalization of fluorescence. To avoid auto-fluorescence, tra-IR800 was used as well as tra-IR700 for imaging. 
Fluorescence thoracoscopy demonstrated that pleural metastases had both IR700 and GFP fluorescence signals. APCs were intravenously injected 1 day before the imaging. 

 
Figure 4. Evaluation of NIR-PIT effects on pleural disseminated NSCLC model by bioluminescence. (A) The regimen of NIR-PIT is shown. Images were obtained 
as indicated. (B) In vivo BLI and fluorescence imaging of the pleural disseminated model. Prior to treatment mice exhibiting approximately the same luciferase activity in the chest 
were selected. (C) Quantitative RLU in the pleural disseminated model showed a significant decrease after NIR-PIT (n = 7 mice in each group)(*p = 0.0180 < 0.05, PIT vs. APC, 
Tukey’s test with ANOVA). (D) BW ratio of tumor bearing mice in response to NIR-PIT demonstrates no significant difference among the groups (n = 7). 
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Figure 5. Evaluation of NIR-PIT effects on pleural metastassi model by GFP fluorescence imaging. (A) The regimen of NIR-PIT is shown. Images were obtained as 
indicated. (B) In vivo BLI and fluorescence imaging of the flank model in response to NIR-PIT. (C) In vivo BLI and thoracoscopic fluorescence imaging of pleural disseminated model 
in response to NIR-PIT. Both GFP-fluorescence and IR700 fluorescence intensity decreased in Calu3-luc-GFP disseminated tumors (*) after NIR-PIT. A small reactive pleural 
effusion was observed (arrow). 

 
Figure 6. Histological evaluation of NIR-PIT effect on lung. No apparent damage to the lung was showed by HE-staining at 1 day after NIR-PIT compared to no Tx. Bar 
= 50 µm. 
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Discussion 
In this study, we demonstrate that an APC can 

be delivered to both flank and intrathoracic tumor 
after intravenous injection and that subsequent 
NIR-PIT can be successfully performed transcutane-
ously to the mouse thorax with acceptable morbidity. 
Among the imaging tools used to document tumor 
regression, which included BLI, fluorescence imaging 
and fluorescence thoracoscopy, the latter two could be 
used in clinical practice using the IR700 dye [19,20]. 
BLI using firefly luciferase, although less suitable for 
clinical translation, was useful as a primary outcome 
measure as it requires both oxygen and ATP to ac-
tively transport the substrate luciferin and subse-
quently catalyze the photochemical reaction [21,22]. 
Since NIR-PIT-induced necrotic cell death releases 
ATP, BLI is an appropriate and sensitive biomarker 
for NIR-PIT [16,23]. In vivo GFP fluorescence imaging 
enables the full process of tumorigenesis, treatment, 
regression, metastasis, or recurrence, to be detected 
although this also is not translatable [24]. The high 
level of GFP tumor fluorescence in this model per-
mitted imaging with quantification of tumor growth 
and dissemination without the need for additional 
contrast agents. By employing cytoplasmic GFP ex-
pressing cells, antitumor effects induced by NIR-PIT 
could be clearly monitored as extrusion of GFP from 
treated cells resulted in a diminution of signal [15]. 
The development of a mini-endoscope mimicking 
thoracoscopy permits intrathoracic fluorescence im-
aging and is the most likely method by which 
NIR-PIT would be administered and monitored in 
humans. By changing the filter sets, multicolor endo-
scopic imaging becomes possible to simultaneously 
monitor tumor regression with GFP fluorescence and 
accumulation of APC with IR700 fluorescence as 
shown in videos S3 and S4 [25]  (Additional Files 4-5). 
Both real-time color capability and direct access to the 
disseminated tumors, resulted in much higher reso-
lution imaging. From the photophysical point of view, 
the endoscope can minimize light scattering and ab-
sorbance that is caused by overlapping tissue, result-
ing in more precise depiction of the lesion.  

 In this study, we use a pleural disseminated 
tumor model by simple tumor cell injection in the 
thoracic cavity. A variety of animal models could be 
used including percutaneous orthotopic injection 
(POI), surgical orthotopic injection (SOI), and trans-
pleural orthotopic injection (TOI)[26]. Various ad-
vantages and disadvantages exist among these mod-
els. For example, SOI requires high skills and is inva-
sive, resulting in high pre-procedure mortality, how-
ever SOI is thought to be more physiologic than others 
[26,27]. The POI model has the advantages of sim-

plicity and less invasiveness with a very low 
pre-procedure mortality rate [26]. A recent study re-
ported that implantation rates were similar among 
these models [26]. With these considerations, we 
chose the POI approach. This approach had a high 
implantation rate (around 85%) of NSCLC pleural 
dissemination, which was confirmed by non-invasive 
BLI. 

The survival of patients with NSCLC patients 
with pleural disseminations is only 6 to 9 months even 
with systemic chemotherapy [3]. Surgery is not cur-
rently performed because of its morbidity and limited 
benefit [28]. While not likely to be curative, NIR-PIT 
could offer the benefit of local control with minimal 
invasiveness. Moreover, NIR-PIT could be readily 
used as an adjunct to conventional surgery at the time 
of initial diagnosis. 

 There are several limitations to this study. First, 
not all lung cancers overexpress HER2, and therefore 
this particular target may not be ideal in other lung 
cancers. Fortunately, NIR-PIT has proven effective 
with almost all APCs with which it has been at-
tempted and therefore, it is likely that the proper APC 
or combination of APCs could be found to treat a 
specific phenotype of lung cancer cell membrane ex-
pression [13–15,29,30]. We were also unable to de-
termine the long-term side effects of NIR-PIT in this 
limited model. Short-term studies of the mice 
demonstrated no apparent adverse events after 
NIR-PIT. It is possible that sudden widespread cell 
necrosis could cause either acute or delayed toxicity 
but none was observed in this model. Only small re-
active pleural effusions were observed by thoraco-
scopy. Additionally, it is clear that NIR-PIT alone will 
not be sufficient to cure thoracic metastases, although 
the use of NIR light to activate IR700 will produce 
deeper tissue penetration within larger masses than 
the shorter wavelengths of light used in conventional 
PDT photoactivation or other light therapies such as 
those using UV light [31]. Therefore, we foresee 
NIR-PIT as an adjuvant to surgery with an initial 
debulking procedure followed by NIR-PIT to “mop 
up” residual disease. Furthermore, it is interesting to 
consider the possibility that systemic chemotherapy 
may be more effective after NIR-PIT. Previous studies 
have shown that NIR-PIT causes treated tumors to 
exhibit increased permeability to nano-sized drugs. 
Therefore, current or future chemotherapies for lung 
cancer may benefit from prior treatment with NIR-PIT 
[32]. Finally, in this study we irradiated transcutane-
ously which is difficult to translate to the clinic, 
however, it would be feasible to deliver light via tho-
racoscopy, bronchoscopy or even during 
open-surgery. Thus, although this particular animal 
model is not directly translatable, the principle of 
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treating thoracic malignancies with light therapy is 
feasible. 

In conclusion, this study demonstrates that 
NIR-PIT effectively treated pleural metastases in a 
mouse model of NSCLC. NIR-PIT could be a promis-
ing adjuvant for treating pleural carcinomatosis re-
placing or adding to existing therapies such as sur-
gery and chemotherapy. 
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