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Abstract

Purpose: Near-infrared photoimmunotherapy (NIR-PIT)
is a localized molecular cancer therapy combining a
photosensitizer-conjugated mAb and light energy. CD47 is
an innate immune checkpoint widely expressed on bladder
cancer cells, but absent from luminal normal urothelium.
Targeting CD47 for NIR-PIT has the potential to selectively
induce cancer cell death and minimize damage to normal
urothelium.

Experimental Design: The cytotoxic effect of NIR-PIT with
anti-CD47-IR700 was investigated in human bladder cancer
cell lines andprimary humanbladder cancer cells derived from
fresh surgical samples. Phagocytosis assays were performed to
evaluate macrophage activity after NIR-PIT. Anti-CD47-IR700
was administered to murine xenograft tumor models of
human bladder cancer for in vivo molecular imaging and
NIR-PIT.

Results: Cytotoxicity in cell lines and primary bladder
cancer cells significantly increased in a light-dose–dependent
manner with CD47-targeted NIR-PIT. Phagocytosis of cancer
cells significantly increased with NIR-PIT compared with anti-
body alone (P¼ 0.0002). In vivo fluorescence intensity of anti-
CD47-IR700 in tumors reached a peak 24-hour postinjection
and was detectable for at least 14 days. After a single round of
CD47-targeted NIR-PIT, treated animals showed significantly
slower tumor growth compared with controls (P < 0.0001).
Repeated CD47-targeted NIR-PIT treatment further slowed
tumor growth (P¼ 0.0104) and improved survival compared
with controls.

Conclusions: CD47-targeted NIR-PIT increased direct can-
cer cell death and phagocytosis resulting in inhibited tumor
growth and improved survival in amurine xenograft model of
human bladder cancer.

Introduction
The majority of patients with bladder cancer, the sixth most

common cancer, present with early-stage (Ta, T1, TIS) disease and
are treated by endoscopic resection and intravesical therapy (1).
With a one-year recurrence rate of up to 61%, bladder cancer has
one of the highest recurrence rates among all solid cancers (2).
High-risk non-muscle–invasive bladder cancer (NMIBC) has a
5-year progression rate tomuscle-invasive bladder cancer (MIBC)
of 20% (3). For MIBC, neoadjuvant chemotherapy combined
with radical cystectomy is the first-line treatment, with cancer-
specific survival rate of 35% after 4 years (4). Therefore, optimiz-
ing detection and resection of early-stage bladder cancer is critical.

White light cystoscopy (WLC) and WLC-assisted transurethral
resection of bladder tumor (TURBT) are the standard for detec-
tion, resection, and surveillance of bladder cancer. WLC and
TURBT have well-recognized shortcomings including missed
tumors, incomplete resection, and understaging (5). Increasingly,
adjunctive optical imaging technologies are utilized to augment
WLC (6). Photodynamic diagnosis (PDD), based on intravesical
administration of the photosensitizer hexaminolevulinate (HAL)
coupled with blue light cystoscopy, improves bladder cancer
detection and is increasingly clinically utilized (7). Photodynamic
therapy (PDT) combines cellular uptake of a photosensitizer and
light exposure to induce cell death. The feasibility and safety of
PDT using the photosensitizers HAL or Radiochlorine have been
tested in small clinical trials (8, 9). Because of lack of specificity of
the photosensitizer, long irradiation times, and significant local
side effects, PDT has not been widely adopted clinically for
bladder cancer (8–12).

Near-infrared photoimmunotherapy (NIR-PIT) is a molecular
targeted therapy that combines target specificity of a mAb con-
jugated with IRDye700, a hydrophilic phthalocyanine dye that is
activated by NIR light (11, 13). The mechanism of action is based
on generation of reactive oxygen and singlet oxygen species,
resulting in cell rupture and necrosis (11, 13). The longer excita-
tion wavelength used for NIR-PIT compared with conventional
PDT results in deeper tissue penetration (12–14), while high
target specificity conferred by the mAb reduces nonspecific local
toxicity. NIR-PIT has been successfully demonstrated in cell lines,
xenograft tumormousemodels, and is being tested in an ongoing
clinical trial for head and neck squamous cell carcinoma
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(ClinicalTrials.gov NCT02422979; refs. 11, 13, 15). For bladder
cancer, EGFR-targeted NIR-PIT has been successfully demonstrat-
ed in vitro and in xenograft models in vivo (11). However, EGFR-
targeted NIR-PIT is unlikely to be widely applicable, as EGFR
amplification is only found in approximately 11% of bladder
tumors (11, 16). Targeting a more abundant surface antigen can
potentially lead to a broader applicability of NIR-PIT in bladder
cancer.

CD47 is a cell surface protein that mediates neutrophil migra-
tion and T-cell costimulation (17–19). Blocking the interaction of
CD47 with its native ligand SIRPa promotes phagocytosis of the
CD47-expressing cells and prevents metastasis of human solid
tumors in mouse xenograft models (18). In characterization of
bladder tumor–initiating cells, CD47 was found expressed in all
human bladder tumors examinedwith the highest level of expres-
sion in the CD44þ cells (20). Furthermore, CD47 is highly
expressed in bothNMIBC andMIBC, but absent on the terminally
differentiated luminal umbrella cells of normal human bladder
urothelium (21). CD47 has been demonstrated to be a promising
optical molecular imaging target for bladder cancer (21). The
safety and therapeutic efficacy of anti-CD47 is being investigated
in several clinical trials for a variety of hematopoietic and solid
cancers (ref. 22; ClinicalTrials.gov NCT02216409).

In this study, we investigated anti-CD47-IR700 as a molecular
photosensitizer forNIR-PIT of bladder cancer.We assessed CD47-
targeted NIR-PIT in established human bladder cancer lines for
assay development, then tested the in vitro protocol on primary
human bladder cancer cells derived from fresh surgical samples.
Finally, we demonstrate that CD47-targeted NIR-PIT effectively
inhibits growth of human bladder cancer tumors in vivo in a
xenograft mouse model.

Materials and Methods
Synthesis of anti-CD47-IR700

Mouse anti-human CD47 mAb (B6H12) was conjugated with
IRDye700DX as per the manufacturer's protocol (LI-COR Bios-
ciences). Briefly, anti-CD47 (1 mg/mL) was incubated with 8 mg

IRDye700DXNHS ester for 2 hours at room temperature. Free dye
was removed by purification on a Zeba desalting column and
the antibody concentration was determined with Coomassie Plus
(Thermo Fisher Scientific) by measuring the absorption at
593 nm with UV-Vis spectrophotometer (Thermo Fisher Scien-
tific). The labeled antibody was characterized by SDS-PAGE and
electrospray ionization mass spectrometry (ESI-MS) on a Agilent
1260 HPLC and Bruker MicroTOF-Q II as described previous-
ly (23). Spectra were collected in full scan MS mode with a mass
range of 900–4,000 Da and collision RF setting of 1,200 Vpp.

Human bladder cancer cell lines
UMUC-3 and HT-1376 were obtained from the ATCC. 639V

was previously obtained from the German Resource Centre for
Biological Material (DSMZ) and transfected with a GFP-lucifer-
ase–encoding lentivirus (24). All three cell lineswerederived from
high-grade humanbladder tumors and all havemutation in TP53.
639V and UMUC-3 were obtained from males and HT-1376 is
from a female. According to the UBC 40 urothelial bladder cancer
cell line index (25), 639V and UMUC 3 have a high genome
instability and HT-1376 has low genome instability. Additional
oncogene mutations include KRAS in UMUC-3, RB1 in HT1376,
andPIK3CA in 639V cells. Cell lineswere cultured in a humidified
incubator at 37�Cwith 5%CO2. 639V andHT-1376were cultured
in DMEM (Gibco) supplemented with 10% FBS and 1% peni-
cillin/streptomycin (Life Technologies). UMUC3 was grown in
MEM including Earl salts supplemented with 1% nonessential
amino acids, 1% pyruvate, 2% bicarbonate, 10% FBS, and 1%
penicillin/streptomycin.

In vitro NIR-PIT of bladder cancer cell lines
Bladder cancer cells of all three cell lines were removed from

plates using 1� TrypLE (Gibco), washed with serum-free PBS,
after which 1.5� 106 cells were incubated with PBS, PBS contain-
ing 8mg/mL anti-CD47 (onlyUMUC3and639V), or PBS contain-
ing 8 mg/mL anti-CD47-IR700 for 1 hour in the dark on ice. Cells
were then seeded into 96-well low adhesion plates (50,000 cells
per well) and irradiated with a red (690–710 nm) light-emitting
diode (Thorlabs, M680L4). The light source was positioned
0.2–0.3 cm over the cells and produced a power density of
50 mW/cm2 as determined by an optical power meter (Thorlabs,
PM 100; ref. 13). Light energy levels used for cells incubated with
anti-CD47-IR700 were 0, 1, 2, 5, 10, 20, or 40 Joules/cm2 (J/cm2)
with amaximum exposure time of 9.3minutes for 40 J/cm2. Cells
incubated with unlabeled anti-CD47 received 40 J/cm2. Thirty
minutes after the various experimental conditions, propidium
iodide (Thermo Fisher Scientific) was added to the cells to achieve
final concentration of 1 mg/mL and incubated at room temper-
ature for 20 minutes followed by flow cytometry (Beckman
Coulter, Cytoflex) to determine the fraction of dead cells. Each
individual condition was repeated in technical triplicates.

In vitro phagocytosis assay
Anti-CD47–induced macrophage engulfment was evaluated

using a phagocytosis assay (26). GFP-luciferase–transfected
639V bladder cancer cells were removed from plates using 1�
TrypLE (Gibco), washed with serum-free PBS, and incubated
either with PBS alone, or PBS with anti-CD47 (8 mg/mL) or
anti-CD47-IR700 (8 mg/mL) for 1 hour on ice in the dark. After
incubation, cells were divided into irradiated (8 J/cm2) and
nonirradiated groups, resulting in six different experimental

Translational Relevance

Because of the high rate of recurrence and recognized short-
comings of standard endoscopic resection, new approaches to
detection and treatment for localized bladder cancer are need-
ed. NIR-PIT combines precise molecular targeting with light
energy and is highly amenable in the urinary tract due to ease
of access. CD47, a surface protein that blocks macrophage
engulfment and an innate immune checkpoint, is highly
expressed in bladder cancer, but absent in normal luminal
bladder cells thereby making CD47 a good therapeutic target.
We report light-dose–dependent CD47-targeted NIR-PIT–
induced cell death in human bladder cancer cell lines and
primary human bladder cancer cells. In xenograft models
of bladder cancer, anti-CD47-IR700 accumulated in tumors
andNIR-PIT showed excellent tumor controlwith significantly
reduced tumor growth rates and improved survival compared
with untreated controls. CD47-targeted NIR-PIT can be
deployed endoscopically and holds the potential to augment
treatment of localized bladder cancer.
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conditions. Each condition was repeated in technical triplicates.
A total of 1 � 105 cells were seeded per well into a 96-well
plate (Corning, Costar 3474 Ultra-Low Attachment) for use in
phagocytosis assays.

In vitro phagocytosis assays were performed as described pre-
viously (26). Briefly, mouse macrophages were differentiated
from bone marrow of NSG transgenic mice through incubation
with M-CSF, which differentiates macrophages to the M2 (inhib-
itory) phenotype typically found in tumor infiltrate (18, 27).
Unfractionated bone marrow cells were cultured in IMDM þ
GlutaMax (Gibco) supplemented with 10% FBS, 100 U/mL
penicillin and 100 mg/mL streptomycin, and 10 ng/mL murine
M-CSF (PeproTech US). Macrophages were washed twice with
Hank balanced salt solution (Gibco) then incubated with 1�
TrypLE for approximately 20minutes in humidified incubators at
37�C. Macrophages were removed from plates using cell lifters
(Corning) then washed twice with serum-free IMDM and labeled
with Alexa 647.

Phagocytosis reactions were carried out using 50,000 macro-
phages and 100,000 of the cancer cells treated as described
above and cocultured for 2 hours at 37�C. After coculture, cells
were washed with autoMACS Running Buffer (Miltenyi Biotec)
and prepared for analysis by flow cytometry (BD Biosciences,
LSRFortessa) equipped with a high-throughput sampler. Phago-
cytosis was evaluated as the percentage of Alexa647/GFP double
positive macrophages using FlowJo v9.4.10 software (Tree Star)
andwasnormalized to themaximal response. Phagocytosis assays
were replicated three times in each individual condition.

In vitro NIR-PIT of patient-derived primary bladder cancers
With approval from Stanford Institutional Review Board and

the VA Research and Development Committee, tumor tissue
samples from patients (n¼ 5) undergoing bladder cancer surgery
(i.e., TURBT or radical cystectomy) at Stanford University Hos-
pital and VA Palo Alto Health Care System were collected. Tumor
grade and stage were determined by standard surgical pathology.

To obtain single-cell suspension, tissue samples (�5 � 5 mm)
were mechanically minced followed by a two-step digestion at
37�C using Collagenase IV (Worthington Biochemical) for
50 minutes and 1� TrypLE for 30 minutes. The cell suspension
waswashedwith PBS and filtered through a 40-mmnylon strainer.
The single-cell suspension was then washed with PBS and incu-
bated with PBS alone or anti-CD47-IR700 (8 mg/mL) for 1 hour
on ice in the dark. Fifty thousand cells per well were seeded into
96-well low adhesion plates. For the NIR-PIT group, cells were
first incubated with anti-CD47-IR700 followed by irradiation at
1, 2, 5, 10, 20, or 40 J/cm2 as described above. In the anti-CD47-
IR700 group, no irradiation was performed. After 30 minutes,
propidium iodide was added to achieve final concentration of
1 mg/mL and incubated at room temperature for 20 minutes,
followed by flow cytometry. Technical triplicates were performed
for each experimental condition.

Human bladder cancer xenografts
Animal experiments were conducted in compliance with the

Guide for the Care and Use of Laboratory Animal Resources
(1996), USNational Research Council, and approved by the local
Animal Care and Use Committee. For all procedures, animals
were anesthetized with isofluran (Fluriso).

Human bladder cancer xenografts were generated through
engraftment of GFP-luciferase transfected 639V cells in immuno-

compromisedNSG(Nod.Cg-PrkdcscidIl2rgtm1Wj1/SzJ)mice (28).
NSG mice lack B, T, and NK cells, but retain macrophages with
phagocytic potential (18). Approximately 150,000 639V cells in
50% regularMatrigel (Corning)were engrafted to the back of 6- to
10-week-old male NSG mice. For verification of engraftment and
surveillance of tumor growth,micewere injected intraperitoneally
with 200 mL D-Luciferin (16.66 mg/mL) after which biolumines-
cence was measured using IVIS Spectrum (PerkinElmer). Imaging
was performed over 15 minutes to record maximal radiance.
Region of interest (ROI) to measure peak total flux values were
placed on the tumor and Living Image 4.5 (Caliper Life Sciences)
was used for analysis. IVIS imaging frequency was mainly based
on availability of the IVIS Spectrum and usually between 3 and
7 days. Mice were sacrificed after tumors reached either 20 mm
diameter, a volume of 2,000 mm3 (calculated by the formula
(length � width2) � 0.5, or 30 days after the first experimental
time-point.

In vivoNIR fluorescence imaging of anti-CD47-IR700 uptake in
xenografts

For in vivo imaging, 200 mL of 1 mg/mL anti-CD47-IR700 was
administered via tail vein injection in tumor-bearing mice. In vivo
uptake of anti-CD47-IR700 in the mice was measured using the
Pearl imager (LI-COR Biosciences). For fluorescence intensity of
the tumor in relation to the background, regions of interest (ROI)
were placed on the tumor and on adjacent background and a
target-to-background ratiowas calculated. In both the anti-CD47-
IR700 and NIR-PIT groups, NIR fluorescence imaging was
performed following anti-CD47-IR700 injection. In the anti-
CD47-IR700 group (n ¼ 7), fluorescence imaging over 14 days
was performed. In the NIR-PIT group (n ¼ 7), fluorescence
imaging over 3 days was performed and irradiation doses of
100 and 50 J/cm2 were performed after imaging on days 1 and
2, respectively.

In vivo NIR-PIT of human bladder cancer xenografts
The NIR-light was directed only at the tumor while the mouse

was anesthetized using the same LED setup as used in the in vitro
experiments. For in vivo evaluation of single treatment of NIR-PIT,
micewere divided into 4 groups: (i) control group (n¼ 8)with no
intervention; (ii) anti-CD47-IR700 only group (n ¼ 7) with tail
vein injection of 200 mg anti-CD47-IR700 and no irradiation; (iii)
irradiation only group (n¼7) treatedwith 100 J/cm2onday1 and
50 J/cm2 on day 2; and (iv) NIR-PIT group (n ¼ 7) was injected
with 200 mg anti-CD47-IR700 (day 0) followed by irradiation
regimen described for group 3.

To evaluate effects of repeated treatment of NIR-PIT in the
xenograft model, a time course experiment was conducted con-
sisted of 3 groups: (i) control group (n¼ 7) with no intervention;
(ii) anti-CD47 only group (n ¼ 7) with weekly tail vein injection
of anti-CD47 for 5 weeks; and (iii) NIR-PIT group (n ¼ 7) with
irradiation at day 1 (100 J/cm2) andday 2 (50 J/cm2) after tail vein
injection of 200 mg anti-CD47-IR700 at week 1 as above. For
weeks 2 to5,micewere treatedwithNIR-PIT (100 J/cm2 at oneday
following anti-CD47-IR700 injection) weekly.

To examine the histopathologic effects of NIR-PIT, a represen-
tative animal was sacrificed 24 hours after injection of anti-CD47-
IR700 and tumor excised. The tumor was imaged on the Pearl
imager (LI-COR Biosciences) to confirm the colocalization of
anti-CD47-IR700 and then frozen in optimal cutting temperature
compound. After cyrosectioning of the tissue, 10-mm sections

CD47-Targeted Photoimmunotherapy for Bladder Cancer

www.aacrjournals.org Clin Cancer Res; 2019 OF3

Research. 
on May 22, 2019. © 2019 American Association for Cancerclincancerres.aacrjournals.org Downloaded from 

Published OnlineFirst March 19, 2019; DOI: 10.1158/1078-0432.CCR-18-3267 

http://clincancerres.aacrjournals.org/


were post-fixed in 4% paraformaldehyde for 30 minutes and
imaged with a Zeiss LSM800 confocal microscope bright-field
imaging as well as NIR imaging at 700 nm.

Harvested tumors were fixed in 10% neutral buffered formalin
for 24 hours, then embedded in paraffin blocks and sectioned at
5 mm. IHC was conducted using a primary antibody against
the murine macrophage marker F4/80 (Abcam clone 8) with a
dilution of 1:100.Microscopy images were obtained using a Leica
DM5500B microscope.

Statistical analysis
Statistical analysis was carried out using statistical software

Prism (GraphPad) and SAS. Descriptive statistics were expressed
as mean � SEM. For the in vitro assays using bladder cancer cell
lines and primary bladder cancer cells, unpaired t test was used to
assess differences in percent cell deaths between control and
experimental groups. Two-way ANOVAwas applied to determine
the percent phagocytosis between control and experimental
groups. For the in vivo xenograft experiments, P < 0.05 was used
as an indicator of statistical significance and one-way ANOVA
with repeated measures with Tukey adjustment was used for
multiple comparisons of fluorescence intensity. Survival analysis
applying log-rank tests were used to determine the median
survival time between control and the experimental groups, as
displayed by Kaplan–Meier curves.

Results
In vitroNIR-PIT of CD47-expressing human bladder cancer cell
lines

We first evaluated anti-CD47-IR700–mediated NIR-PIT in
three humanbladder cancer cell lines that expressCD47:UMUC3,
639V, andHT1376 (Fig. 1; Supplementary Fig. S1). Cultured cells
were incubated with anti-CD47-IR700 then exposed to increasing
doses (1–40 J/cm2) of a 690–710 nm LED to induce NIR-PIT
(Fig. 1). To measure direct cytotoxicity following NIR-PIT,
flow cytometry using propidium iodide was used to assess the
fraction of dead cells. Nonirradiated cells and unlabeled anti-
CD47were used as controls. In all three cell lines,NIR-PIT resulted
in increased cell death in a light-dose–dependent manner.

Significant cell death started at 2 J/cm2 in 639V and HT-1376,
and 5 J/cm2 in UMUC3, and cell death rates increased with
increased energy for all cell lines. At the maximum applied level
of irradiation of 40 J/cm2, over 90% of 639V and UMUC3 cells
and over 50% of HT1376 died (Fig. 1A).

Anti-CD47 has been shown to promote phagocytosis of
CD47-expressing cancer cells through blockage of the CD47–
SIRPa interaction (18). Therefore, we investigated whether anti-
CD47-IR700 NIR-PIT could act to both induce cell death and
promote phagocytosis. 639V cells were incubated with anti-
CD47-IR700 followed by irradiation with 8 J/cm2 of NIR light
(Fig. 1B). 8 J/cm2 was chosen on the basis of the dose-escalation
experiments (Fig. 1A), as it induced modest cytotoxicity and
allowed for quantitation of the additive effects of NIR-PIT and
anti-CD47-IR700 on phagocytosis. Phagocytosis of 639V was
measured under six different conditions: incubation with PBS,
anti-CD47, or anti-CD47-IR700, and with and without irradia-
tion. After each experimental condition, cells were incubatedwith
Alexa 647–positive mouse macrophages and the fraction of
double positive (Alexa 647 and GFP) cells was determined by
flow cytometry as an indicator of phagocytosis. Both anti-CD47
and anti-CD47-IR700 significantly induced phagocytosis
compared with the no antibody controls. Without irradiation,
phagocytic activity was similar in the anti-CD47 and anti-CD47-
IR700 groups. However, after irradiation phagocytic activity was
significantly increased (P ¼ 0.0002) in the anti-CD47-IR700
group compared with the anti-CD47 group, which remained
unchanged. This suggests that anti-CD47-IR700 can have dual
functions of inducing direct cell death via NIR-PIT and enhancing
phagocytosis (Fig. 1B).

In vitro NIR-PIT of primary human bladder cancer cells
To further assess the cytotoxic effects of anti-CD47-IR700 NIR-

PIT, we tested primary bladder cancer cells derived from fresh
tissue samples obtained during bladder cancer surgery (Fig. 2).
Bladder cancer specimens were harvested from 5 male patients
during TURBT (n ¼ 4) or radical cystectomy (n ¼ 1). Single-cell
suspensions of approximately 50,000 primary bladder cancer
cells were prepared and treated with NIR-PIT as described above.
In the experimental group, primary cancer cells incubated with

Figure 1.

Anti-CD47-IR700–mediated photoimmunotherapy and phagocytosis of human bladder cancer cell lines. A, CD47-expressing bladder cancer cell lines UMUC3,
639V, and HT-1376 were incubated with 8 mg/mL anti-CD47-IR700 and then irradiated with increasing doses from 1 to 40 J/cm2 of NIR light or not irradiated.
639V and UMUC3 cell lines were incubated with unlabeled anti-CD47 (8 mg/mL) without irradiation ("Anti-CD47") and with maximum irradiation dose
("Anti-CD47 40 J") to control for the effects of NIR irradiation alone. Direct cytotoxicity was measured by flow cytometry using propidium iodide for dead cell
staining and counting. Error bars represent technical triplicates for each condition. B, For the phagocytosis assay, 639V bladder cancer cells were first incubated
with PBS, 8 mg/mL anti-CD47, or 8 mg/mL anti-CD47-IR700. After incubation cells were either irradiated (8J) or kept in the dark (no light) then combined with
Alexa647-positive mouse macrophages. GFP-positive and GFP/Alexa647 double-positive cells were counted by flow cytometry. Double-positive cells
indicated macrophage engulfment of 639V cells. Without NIR irradiation, phagocytic activity was similar in the anti-CD47 and the anti-CD47-IR700 groups. After
NIR irradiation, phagocytic activity was significantly (P¼ 0.0002) increased in the anti-CD47-IR700 group compared with the unlabeled antibody. � , P < 0.05;
�� , P < 0.001 comparison of treated groups versus anti-CD47-IR700 (no light) control.
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anti-CD47-IR700were irradiated with increasing light doses from
1 to 40 J/cm2. Nonirradiated cancer cells were used as control
("no light"). In all 5 primary human bladder cancer samples, cell
death increased in a light-dose–dependent manner (Fig. 2). Start-
ing form light doses of 5 J/cm2, significant cancer cell death rates
increased with increased energy to the maximum applied light
dose of 40 J/cm2, where over 75% of cancer cells died in 4 patient
samples and over 55% cancer cells died in one patient sample.
Pathologic analysis was used to confirm the stage and grade of
the tumor tissueswith T2 high grade in 2 patients, Ta high grade in
2 patients, and Ta low grade in 1 patient.

Evaluation of in vivo NIR fluorescence imaging of anti-CD47-
IR700 uptake in xenografts

To assess the effects of anti-CD47-IR700 NIR-PIT in the
context of a tumor, we used a mouse xenograft model (Fig. 3).
The GFP-luciferase–transfected 639V cell line was chosen for
engraftment into mice to facilitate visualization of tumors
by luciferase bioluminescence. Anti-CD47-IR700 was admin-
istered via tail vein injection. First, we evaluated anti-CD47-
IR700 localization and enrichment in the engrafted tumors. To
visualize the anti-CD47-IR700 in the xenograft model over
time, we performed IVIS and NIR fluorescence imaging in
the tumor-bearing animals (n ¼ 7) over a course of 14 days
after injection of antibody to colocalize tumor and antibody
accumulation (Fig. 3A and B). Fluorescence intensity was
enriched in the tumor starting 1 hour after injection, reaching
a peak after 1 day and slowly decreasing thereafter (Fig. 3B
and C). The tumor-to-background ratio increased over the first
10 days postinjection and plateaued thereafter up to day 14
(Fig. 3D). In all animals, the anti-CD47-IR700 fluorescence
could be detected in the tumor for at least 14 days. Microscopic
analysis at 24 hours postinfusion confirmed tumor penetration
of anti-CD47-IR700 (Fig. 3E). Taken together, these results
suggest killing of cancer cells at the site of accumulated
antibody.

After observing in the 639V xenograft model that tumor NIR
fluorescence intensity peaks at 24 hours after anti-CD47-IR700
injection, we treated the tumor with NIR-PIT at 24 and 48
hours and compared the NIR fluorescence intensity with the
matching control (anti-CD47-IR700), which was injected but
not irradiated. As seen in Fig. 4 and further expanded below
(Fig. 5), the tumor NIR fluorescence intensity was comparable
in both groups before the treatment. After NIR-PIT, there was
a sharp drop in tumor NIR fluorescence intensity in the
tumors of the treated animals compared with nonirradiated
controls.

Evaluation of in vivo therapeutic effect of CD47-targeted
NIR-PIT in bladder cancer xenograft model

To determine the therapeutic effects of CD47-targeted NIR-PIT,
we followed tumor growth in the 639V xenograft model after a
single treatment of NIR-PIT (Fig. 5). The in vivo treatment irradi-
ation dosing and timing was based on a previous report of in vivo
EGFR-targeted NIR-PIT in bladder cancer xenograft model (11).
For our experiment, tumor-bearing mice were divided into con-
trol and treatment groups that included untreated mice, irradia-
tion only, antibody only without irradiation, and CD47-targeted
NIR-PIT. Following anti-CD47-IR700 injection, the mice were
exposed to 100 J/cm2 at 24 hours, then a second dose of 50 J/cm2

at 48 hours. As measured by the tumor bioluminescence of the
639V cells, the mice in the NIR-PIT group showed significantly
slower tumor growth than the mice in the no treatment
and irradiation only groups (P < 0.0001 and P ¼ 0.0179,
respectively; Fig. 5B). Tumor growth was modestly slower in the
CD47-targetedNIR-PIT group than in the anti-CD47 alone group;
however, statistical significance was not reached (Fig. 5B).

To evaluate whether anti-CD47-IR700 NIR-PIT induced an
influx of macrophages into the tumor, we performed IHC on
tumor tissue samples from the xenograftmodels using themurine
specific macrophage marker F4/80 (29). The small sample size
precluded full statistical analysis; however, a trend toward higher
macrophage numbers and a higher macrophage density within
the tumors after injection of anti-CD47-IR700 was found in both
the irradiated and nonirradiated mice compared with the control
groups without anti-CD47-IR700 administration (Fig. 5D).

Analogous to standard clinical treatment protocols for local-
ized bladder cancer (e.g., induction andmaintenance intravesical
therapy following TURBT), a potential clinical scenario for trans-
lation of CD47-targetedNIR-PITwould be intraoperativeNIR-PIT
directly after TURBT, then weekly NIR-PIT over a given time
course. Therefore, we evaluated whether repeated CD47-targeted
NIR-PIT would yield more sustained reduction in tumor growth
in the xenograft mice. In this experimental design (Fig. 6A), 639V
xenograft mice were treated with anti-CD47-IR700 NIR-PIT as
described in Fig. 5, then given weekly injections of anti-CD47-
IR700 and a single direct dose of NIR-PIT at 100 J/cm2 1-day
postinjection. A 5-week treatment regimen was implemented.
Mice in the weekly CD47-targeted NIR-PIT group showed signif-
icantly less tumor growth compared with mice in the control
group aswell as in the repeated anti-CD47only group (P¼0.0104
and 0.0096, respectively; Fig. 6B and C). Minor skin damage with
signs of burn marks and small areas of necrotic skin tissue from
repeat NIR dosing that healed between treatments was seen in 6
of 7 animals. Importantly, the repeat NIR-PIT scheme kept

Figure 2.

Anti-CD47-IR700–mediated photoimmunotherapy of primary human bladder cancer cells. Fresh bladder tumor specimens of varying stage and grade from
5 different patients were digested to a single-cell suspension of primary bladder cancer and incubated with 8 mg/mL anti-CD47-IR700 then irradiated with
increasing doses of NIR-light from 1 to 40 J/cm2. Nonirradiated cells were used as control (no light). Cytotoxicity induced by NIR-PIT was evaluated by flow
cytometry using propidium iodide for dead cell staining and counting. � , P < 0.05; ��, P < 0.001 comparison of treated group versus anti-CD47-IR700 (no light)
control by Student t test. HG, high grade; LG, low grade; Pt, patient.
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tumors in check and resulted in significantly longer survival
(P ¼ 0.009) compared with the control animals (Fig. 6D).

Discussion
Optimal detection, resection, and therapies for early-stage

bladder cancer are critical to prevent recurrence and progression
of disease. CD47 is an innate immune checkpoint and a
promising diagnostic and therapeutic target for bladder cancer.
CD47 is highly expressed on the surface of bladder cancer
cells, but absent from the normal umbrella cells lining the
bladder (18, 20, 21). Previously, we demonstrated molecular
imaging of bladder cancer using topically administered, fluo-
rescently labeled anti-CD47 in intact human radical cystectomy
specimens and found a diagnostic sensitivity of 82.9% and
specificity of 90.5% for bladder cancer (21). Here, we present

the feasibility of molecular targeted PIT for bladder cancer
using a CD47 antibody.

We found that CD47-targetedNIR-PIT induced cytotoxicity in a
light-dose–dependent manner in established CD47-expressing
human bladder cancer cell lines and primary bladder cancers
cells from fresh surgical specimens, with up to 97.5% NIR-PIT–
specific cell death at the highest energy level tested. In xenograft
models of human bladder cancer, a single treatment of NIR-PIT
significantly decreased tumor growth compared with untreated
animals and NIR light exposure alone. While tumors in the
NIR-PIT–treated animals trended smaller than tumors in the
anti-CD47 alone group, the difference did not reach statistical
significance likely due to the relatively small number of animals
and wide variation in tumor size. With weekly NIR-PIT treatment
over a course of 5weeks, we foundNIR-PITwith anti-CD47-IR700
resulted in significantly more durable tumor control and

Figure 3.

In vivo near-infrared (IR700) fluorescence imaging and confocal microscopy of 639V xenograft tumors. After subcutaneous xenotransplantation of GFP-
luciferase transfected 639V human bladder cancer cells to the back of male NSGmice, 200 mg anti-CD47-IR700 per mouse was administered via tail vein
injection. In vivo IR700 fluorescence in tumor-bearing mice (n¼ 7) was visualized using a Pearl Imager (LI-COR Biosciences) over a course of 14 days.A, IVIS for
tumor bioluminescence and Pearl imaging for in vivo fluorescence showing colocalization of tumor and antibody. B, In vivoNIR fluorescence for representative
animals at each time point. The tumor region, indicated by the white dotted circles, was determined by bioluminescence imaging. C,Quantitation of total IR700
fluorescence intensity at the tumor beginning 1 hour after anti-CD47-IR700 administration, then on a daily basis. D, Tumor-to-background ratio of the IR700
fluorescence. Regions of interests were placed on the tumor and background on adjacent non-tumor sites. E, In a representative animal, tumor was resected 24
hours after tail vein injection of anti-CD47-IR700. Confocal microscopy of the tumor using the 700-nm specific channel showed NIR fluorescence on the tumor
surface as well as in the tumor-center indicating intratumoral penetration of the anti-CD47-IR700. The insets show bright field, near-infrared, and merge images
of the entire resected tumor.
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significantly longer survival compared with both untreated ani-
mals and anti-CD47 treatment alone.

Comparedwith conventional PDT, tumor targetingwith amAb
increases the specificity of NIR-PIT and decreases the potential for
local side effects. Several molecular target/cancer combinations
have been investigated for NIR-PIT, including PSMA for prostate
cancer, PD-L1 for papillary adenocarcinoma of the lung, and
EGFR for glioblastoma and bladder cancer, with similar light-
dose–dependent cancer cell killing for target expression cells
in vitro and tumor control in vivo (15, 30, 31). Specifically,
targeting EGFR to bladder cancer indicated that NIR-PIT selec-
tively killed EGFR-expressing bladder cancer cells in vitro (11).
In line with our in vivo experiments applying a single round of
NIR-PIT targeting CD47, EGFR-based NIR-PIT attenuated tumor
growth in xenografts of an EGFR-expressing tumor cell line.
However, no difference in tumor growth compared with controls
was detected with NIR-PIT targeting EGFR in xenograft models
with non-EGFR–expressing bladder cancer cells (11). This
demonstrates the importance of an abundantly expressed molec-
ular target for broad therapeutic use. EGFR amplification is found
in about 11% of bladder cancer (11, 16) therefore limiting the
utility of EGFR-targeted NIR-PIT for bladder cancer. A more
abundant surface antigen, such as CD47, could lead to broader
applicability of NIR-PIT in bladder cancer.

In addition to NIR-PIT, other strategies to develop targeted
photosensitizer for urologic cancer are under development. For
example, Lin and colleagues described a multifunctional nano-
porphyrin platform using a bladder cancer–targeting peptide
PLZ4 (32). They report promising results with the PLZ4-
nanoporphyrin (PNP) in a patient-derived xenograft model of
bladder cancer, showing PNP function integrating PDD, PDT,
photothermal therapy (PTT), and targeted chemotherapy. While
PNP as a theranostic approach has potential, it is still in its infancy
and further trials are needed to evaluate its usefulness in bladder
cancer. For localized prostate cancer, vascular-targeted photody-
namic therapy using a water-soluble bacteriochlorophyll-derived
photosensitizer (WST11) is under clinical investigation. After
systemic administration, the photosensitizer is activated to
induced cell death by 753 nm NIR-light using optical fibers
introduced via hollow needles in the prostate (33).

As a molecular target for bladder cancer therapy, CD47 has
several advantages. Not only is it highly expressed on bladder
tumors, blocking the CD47–SIPRa interaction with anti-CD47
promotes increased macrophage-mediated phagocytosis of
CD47-expressing tumor cells (18). A distinguishing feature of
our study is the combination of direct necrotic cell death from
NIR-PIT and an increase in cancer cell phagocytosis mediated by
the anti-CD47 antibody. The dual functions of anti-CD47-IR700
in NIR-PIT induced cytotoxicity and phagocytosis of tumor cells
may enhance its therapeutic value, and potentially dose reduction
of NIR light. We demonstrated that IR700-conjugated anti-CD47
had similar function to promote cancer cell phagocytosis as the
unlabeled antibody. To assay the additive effects of NIR, we
exposed cells to an energy level of 8 J/cm2 based on the finding
that 5–10 J/cm2 led to amoderate level of cell death. This provided
an ideal scenario to assess combined NIR-PIT and macrophage-
mediated phagocytosis, with cell kill by the initial dose of NIR
irradiation, potentially injured cells and intact cells. The increased
phagocytosis and cytotoxicity after NIR-PIT suggests that the dual
function of anti-CD47-IR700 has an improved therapeutic value
compared with anti-CD47 alone. Consistent with its role in
macrophage recruitment, IHC of the tumor xenograft indicated
an increased number and density of macrophages in the tumors
treated with anti-CD47 and anti-CD47-IR700 (Fig. 5C).

Targeting CD47 with NIR-PIT may provide another additional
biological therapeutic advantage. Calreticulin is a cell surface
protein that confers an "eat me" signal known to counterbalance
the "don't eat me" signal conferred by CD47 (34). In line with
previous reports showing some cytotoxic chemotherapies
increase expression of calreticulin on tumor cells, Ogawa and
colleagues demonstrated that NIR-PIT also increased plasma
membrane expression of calreticulin (35, 36). Therefore,
increased prophagocytic calreticulin expression through NIR-PIT
and blockade of the antiphagocytic CD47 with anti-CD47 could
provide additional tumor cytotoxicity.

While the results presented here are promising, this study has
limitations.Our in vivo experiments rely on an established cell line
in a xenograft model in NSG mice. Cell lines may not be repre-
sentative of all bladder tumors; however, the consistent response
to NIR-PIT in the primary bladder cancer cells is indicative of the

Figure 4.

Comparison of in vivo IR700 fluorescence intensity of
639V tumors after NIR-PIT and control animals. In vivo
fluorescence imaging of animals 1, 24, 48, and 72 hours
after tail vein injection of 200 mg anti-CD47-IR700.
The anti-CD47-IR700 only group (square marker, n¼
7) were not exposed to NIR light. The NIR-PIT animals
(circular marker, n¼ 7) received 100 J/cm2 of NIR
irradiation at 24 hours and 50 J/cm2 at 48 hours after
anti-CD47-IR700 administration. The NIR
fluorescence intensity is notably decreased in the
treatment group by 72 hours compared with the
controls.
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translation potential of our approach. Furthermore, we utilized a
xenograft model on the back of mice instead of orthotopic tumor
growth directly in the bladder. We chose a nonorthotopic model
because it offers more consistent tumor engraftment and enables
superior monitoring of tumor growth; however, the targeting and
accumulation of antibody may vary in the different tumor mod-
els. Nevertheless, in combination with current clinical trials
demonstrating the safety of both anti-CD47 therapy and NIR-
PIT, we believe our results are strong enough to directly move
toward clinical trials.

Repeat NIR-PIT may more efficiently kill tumor cells through
increased permeability of the vasculature after the initial NIR-PIT,
thus facilitating antibody penetration ultimately leading to higher
cytotoxicity rates (37). However, we noted photothermal skin
damage with repeated NIR-PIT treatment, as others have reported
with NIR-PIT (30, 38). Consequently, we modified our protocol
and discontinued the second dose (50 J/cm2 follow-up dose at 24
hours) in the weekly repetition and irradiate the animal only with

100 J/cm2 weekly. The skin lesions healed between NIR-PIT
treatment in all but one animal. In future clinical applications
in human bladders, we believe that the impact of such tissue
damage is limited. Current standard of care TURBT is performed
by electrothermal cauterization that results in local tissue
damage to tumor-adjacent normal tissue. Even after full thickness
resection of the bladder wall into the perivesical fat the bladder
typically heals with short-term catheterization and appears
normal at subsequent surveillance cystoscopy. Therefore, we
envision that in future clinical application of NIR-PIT as an
adjunct to TURBT, additional photothermal tissue damage
from NIR-PIT would not increase patient morbidity and recovery
time from tumor resection. In addition, the light dose would
need to be optimized to balance tumor control and minimize
adverse effects.

Another future direction to pursue is the light source, as we
used a LED light source instead of a laser, while others have
reported an increased NIR-PIT–induced cytotoxicity using

Figure 5.

In vivo tumor response to a single round of CD47-targeted NIR-PIT. Human bladder cancer 639V cells were transplanted subcutaneously to the back of male NSG
mice and engraftment verified by bioluminescence. Tumor-bearing mice were divided into 4 groups: (i) no treatment controls ("Control", n¼ 8); (ii) irradiation
only with no antibody injection ("NIR", n¼ 7); (iii) anti-CD47-IR700 injection with no irradiation ("anti-CD47-IR700", n¼ 7); and (iv) anti-CD47-IR700 and
irradiation ("NIR-PIT" n¼ 7). NIR irradiation was administered with 100 J/cm2 at 24 hours after tail vein injection and a second dose of 50 J/cm2 at 48 hours after
tail vein injection. A, Bioluminescence images of representative animals over the time course showing tumor growth. Tumors in the NIR-PIT group were
significantly smaller and more stable over the time period. B,Quantitative measurement of bioluminescence activity showing significantly larger tumor growth in
the control group and NIR group, respectively, compared with the NIR-PIT group. � , P < 0.05; ��, P < 0.001 compared with the NIR-PIT group. C, IHC of 639V
tumors with the murine macrophagemarker F4/80 showmacrophage infiltration in all tumors. A trend toward higher macrophage numbers and density is noted
in mice after anti-CD47-IR700 injection.
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a laser emitting 700 nm instead of a LED (39). Thus, a laser
fiber energy source may improve the efficacy of anti-CD47-
IR700 NIR-PIT and would also have the advantage that it easily
could be inserted through a cystoscope for therapeutic
translation.

The urinary tract is ideally suited for endoscopic targeted
imaging and therapy due to ease of access. In addition to systemic
administration of molecular therapeutic agents, topical admin-
istration offers an alternative/complementary route to enhance
local concentration of the antibody. For bladder cancer insertion
of a laser fiber through a cystoscope would allow for direct NIR
dosing possibly resulting in fewer PIT side-effects when compared
with external NIR-PIT. With a NIR cystoscopic camera, the fluo-
rescence signal from IR700 would allow for intraoperative optical
imaging thereby allowing the surgeon to improve tumor detec-
tion as well as assessment of resection margins to decrease
recurrence rates. CD47-targeted NIR-PIT may be effective as a
primary treatment for small multifocal tumor (e.g., in clinic
setting) or disease with large surface area such as CIS. In addition,
NIR-PIT could be used as a supplement to TURBT to kill residual
tumor cells after resection of the primary tumor. Molecular
imaging in combination with targeted NIR-PIT may address the
demands of specific imaging of the complete malignant lesion
and precisely targeted treatment, thus offering an additional
option in the armamentarium to treat bladder cancer. A weekly

treatment protocol with NIR-PIT is also consistent with current
practice of weekly treatment with intravesical BCG in patients
with high-risk NMIBC.

In summary, we show light-dose–dependent cytotoxicity of
human bladder cancer cells with NIR-PIT using anti-CD47-IR700
as well as excellent in vivo tumor control. With additional clinical
studies, we envision that anti-CD47-IR700 NIR-PIT could serve
as adjuvant therapy after TURBT followed by weekly NIR-PIT
treatment in an office-based setting to improve management of
bladder cancer.
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