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Due to the high recurrence and progression rate of non-muscle
invasive bladder cancer after transurethral resection of bladder
tumor, some new optical imaging technologies have arisen as
auxiliary imaging modes for white light cystoscopy to improve
the detection rate of small or occult tumor lesions, such as
photodynamic diagnosis, narrow-band imaging, and molecular
imaging. White light cystoscopy is inadequate and imperfect
for bladder cancer detection, and thus residual tumors or coex-
isting flat malignant lesions, especially carcinoma in situ,
would be ignored during conventional resection. The bladder,
a hollow organ with high compliance, provides an ideal closed
operation darkroom for endoscopic molecular imaging free
from interference of external light sources. Also, intravesical
instillation of a molecular fluorescent tracer is simple and
convenient before surgery through the urethra. Molecular fluo-
rescent tracer has high sensitivity and specificity to tumor cells,
and its mediated molecular imaging allows small or occult tu-
mor lesion detection while minimizing false-positive results.
Meanwhile, endoscopic molecular imaging provides a real-
time and dynamic image during surgery, which helps urologists
to perform high-quality and complete tumor resection through
accurate judgment of tumor boundaries and depth of invasion.
Photoimmunotherapy is a novel molecular targeted therapeu-
tic pattern of photodynamic therapy that kills malignant cells
selectively and minimizes the cytotoxicity to normal tissues.
The combination of endoscopic molecular imaging and photo-
immunotherapy used in initial treatment may avoid the need of
repeat transurethral resection in strictly selected patients and
improve oncological outcomes such as recurrence-free survival
and overall survival after operation.

Recently, molecular fluorescent tracer-mediated molecular imaging
and photoimmunotherapy (PIT) have shown some potential advan-
tages in the management of cancers.'* Molecular imaging refers to
a subject of qualitative and quantitative study of pathological pro-
cesses at the cellular and molecular levels using imaging technologies,
such as optical molecular imaging, magnetic resonance molecular im-
aging, ultrasound, and nuclear medicine molecular imaging, which
may indicate diseases prior to macrostructure changes.” Unlike mag-
netic and nuclear medicine molecular imaging, endoscopic molecular

imaging provides a real-time and dynamic image during operation.
PIT is a novel molecular-targeted therapeutic pattern of photody-
namic therapy (PDT) that kills malignant cells selectively and mini-
mizes the cytotoxicity to normal tissues simultaneously.’ The urinary
bladder, as a hollow organ with high compliance, is appropriate to
perform endoscopic molecular imaging and PIT after intravesical
instillation of tumor-specific fluorescent tracer.

Non-muscle invasive bladder cancer (NMIBC) is confined to the mu-
cosa (stage Ta and carcinoma in situ [CIS]) or submucosa (stage T1),
and it comprised nearly 75% of newly diagnosed bladder cancer
(BC).” Transurethral resection of bladder tumor (TURBT) followed
by tailored adjuvant treatment strategy is the contemporary corner-
stone in the management of NMIBC. Although it plays a central
role during conventional TURBT, white light cystoscopy (WLC)
has some recognized limitations. First, small or occult tumor lesions,
particularly CIS in the bladder, are not easy to visualize and diagnose.®
Second, the morphological characteristics of CIS under WLC appear
as erythematous areas, and thus it is difficult to distinguish CIS from
inflammatory lesions due to no histopathological information pro-
vided during an operation.” Finally, the depth of tumor invasion
and surgical margin status identified by two-dimensional cystoscopic
images and the operator’s experience are often subjective and inaccu-
rate, even among senior urologists.'” In a systematic review that
involved 8,409 cases with high-grade (HG) Ta and T1 bladder tumor
who accepted repeat transurethral resection (reTUR), residual tumors
were found in 17%-67% of patients with stage Ta and in 20%-71% of
patients with T1 bladder tumor, and 36%-86% of residual tumors
were located in the initial resection site.'' Besides the quality of
TURBT, it is verified that the number of tumors, tumor diameter,
prior recurrence rate, concurrent CIS, pathological stage, and histo-
logic grade also influence the recurrence and progression rate sub-
stantially.'” Thus, new imaging technologies that serve as auxiliary
imaging modes for WLC have been developed recently to enhance
visualization of tumor lesions and diagnostic accuracy, which will
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contribute to complete tumor resection and reduction of recurrence
13
rate.

The procedure of piecemeal resection during conventional TURBT
may cause dissemination and seeding of exfoliated tumor cells."*
Tailored intravesical chemotherapy or immunotherapy correspond-
ing to the individual tumor risk stratification is recommended as an
adjuvant treatment strategy.” Many studies have evaluated the thera-
peutic effect of chemotherapeutic drugs, such as mitomycin C, epiru-
bicin, pirarubicin, and gemcitabine. The results showed that patients
with NMIBC benefit from intravesical therapy in terms of oncological
outcomes.'”'” However, poor absorption of drug in tumor tissue due
to its non-cancer-specific characteristic and related adverse effects
(AEs) reduce the efficacy and safety of intravesical chemotherapy.'®
Comparatively, bacillus Calmette-Guérin (BCG) immunotherapy
has more AEs than does chemotherapy, and even some patients
may not respond to this therapy.'**° Meanwhile, due to the shortage
of BCG, not every eligible patient has access to immunotherapy.>' PIT
is a new molecular targeted therapeutic model that relies on a conju-
gate of tumor-specific monoclonal antibody with highly hydrophilic
phthalocyanine dye, which targets malignant tissue and reduces
nonspecific accumulation in normal tissue.

Recently, a systematic review analyzed the latest developments in mo-
lecular targeted agents for fluorescence image-guided cancer sur-
gery.”” This molecular imaging technology used in cancer surgery
mainly focuses on breast and hollow viscus, such as the respiratory
and gastrointestinal tracts.”*>> Optical molecular imaging can specif-
ically show the pathological process related to tumorigenesis and pro-
vide real-time macroscopic imaging of tumor tissue in vivo. There-
fore, it could be used to improve the quality of NMIBC
management, such as detection of small or occult tumor lesions
and evaluation of the status of surgical margin and depth of tumor in-
vasion during tumor resection. Meanwhile, PIT might serve as a sup-
plement for optimizing the adjuvant intravesical therapy after opera-
tion. In this review, we focus on the evidence about endoscopic
molecular imaging and PIT used in bladder tumor, and point out
their potential future applications.

Different Molecular Tracers Used in BC Management

Molecular tracers can be divided into five broad categories as follows:
monoclonal antibodies, antibody fragments, protein scaffolds, pep-
tides, and small molecules.”® Antibodies are the largest class of molec-
ular tracers used in clinical trials due to the relatively mature produc-
tion strategy of new antibodies. For example, the CD47 antibody and
carbonic anhydrase IX (CAIX) antibody, after conjugating with
Qdot625, have been explored in bladder tumor detection.””*® The
result of preclinical trials indicated their effectiveness in small or
occult tumor lesion detection, and the diagnostic accuracy was veri-
fied by histopathological evidence. The therapeutic epidermal growth
factor receptor (EGFR) monoclonal antibodies cetuximab and pani-
tumumab, and the human EGFR-2 (HER-2) antibody trastuzumab,
after binding to IRDye 700DX (IR700), have been used in PIT of
BC management.”” ' However, fluorophore-antibody conjugate-
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based optical molecular imaging has some recognized limitations,
such as the long half-life of blood circulating and poor penetration
into tumor tissue due to its large molecular size (150 kDa).*? Further-
more, due to nonspecific tissue accumulation of molecular tracer by
the enhanced permeability and retention (EPR) effect, the added clin-
ical value of fluorescence-guided surgery (FGS) will be discounted by
false-positive results and lower tumor-to-background ratio (TBR)
signals.”

To overcome the limitations associated with monoclonal antibodies
and obtain a more rapid pharmacokinetic, antibody fragments have
been emerged in our sight with the development of protein engineer-
ing. Antibody fragments include minibodies, diabodies, single-chain
variable fragments, and Fab fragments, which retain the cancer-spe-
cific binding properties, but have a smaller molecular size (15-
80 kDa).>* The application of antibody fragments can decrease blood
retention times and increase the specificity of molecular fluorescent
agent and the depth of tumor tissue penetration, thus mitigating po-
tential drug-related toxicities.”>*® Nanoparticles conjugated with
minibodies of anti-EGFR showed therapeutic benefits in orthotopic
bladder tumor models.”’

Among molecular tracers, peptides and small molecules have the
smallest molecular size (0.5-2.0 kDa) and can be synthesized through
routine manufacturing protocols with a reduced cost compared with
biologicals. However, because there is a huge difference in structure
and physicochemical characteristic of peptides and small molecules,
the general pharmacokinetic profile of them is hard to predict.
CSNRDARRC, CSSPIGRHC, and CSDRIMRGC peptides were
generated by the technique of phage-display peptide libraries. The
previous studies demonstrated that they have the ability to specifically
bind to bladder tumor tissue.”*** CQDGRMGFC peptide was syn-
thesized by a one-bead, one-compound combinatorial chemistry
approach. After conjugating with Cy5.5, the molecular fluorescent
tracer selectively accumulated in bladder tumor tissue of patient-
derived xenograft mouse models."' The pH low insertion peptide
(pHLIP) was synthesized by reversed phase chromatography. When
labeled with indocyanine green (ICG), it showed a high diagnostic ac-
curacy in BC detection (Table 1).*?

Endoscopic Molecular Imaging for Precision Medicine

At present, the decision for BC management is mainly dependent on
the results of radiological imaging and histopathological assessment
of sampled tissue.*>** Radiological imaging, such as intravenous pye-
lography (IVP), computed tomography (CT), magnetic resonance
imaging (MRI) and positron emission tomography/computed to-
mography (PET/CT), plays a significant role in assessing the extent
of invasion and preoperative clinical stage of bladder tumor.*> CT
is the first choice for evaluation of tumor stage due to the advantages
of relatively low cost, widespread use, high-speed image acquisition,
and acceptable accuracy in diagnosis of locally advanced and metasta-
tic disease in the abdomen. However, radiologists cannot assess
whether detrusor muscle (DM) is invaded through a CT image, and
thus differentiate Ta, T1, and T2 stage bladder tumor with great
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Table 1. Comprehensive Overview of Potential Molecular Tracers in Bladder Cancer

Tracer Type Compound Name Molecular Target Reporter Fluorophore Application Study Design Sensitivity (%)  Specificity (%)
CD47 antibody””  CD47 Qdot625 molecular imaging  in vitro: fresh intact bladder specimen ~ 82.9 90.5
CD47 antibody®  CD47 Alexa Fluor 790 molecular imaging  in vitro: fresh bladder tumor specimen NA NA
CAIX antibody™  CAIX Qdot625 molecular imaging  in vitro: fresh intact bladder specimen  88.00 93.75
in vitro: bladder tumor cell lines
bodies  CD47 antibody®  CD47 IR700 PIT mv NA NA
Antibodies antibody in vivo: xenograft mouse model
panitumumab® EGER IR700 PIT 1'71 w'tro: bladder tumor cell lines NA NA
in vivo: xenograft mouse model
pamtumuma}; EGFR IR700 PIT in vz}tro: bladder tumor cell lines NA NA
trastuzumab HER-2 in vivo: xenograft mouse model
- in vitro: b ) -
CSNRDARRC™® NA fluorescein molecular imaging {n W,tm uman b adder cancer tissue NA NA
in vivo: orthotopic mouse model
NYZL1%® NA FITC molecular imaging 1'71 w'tro: human bladder cancer tissue NA NA
in vivo: xenograft mouse model
Pepti y
eptides PLSWT7" NA IRDye 800CW molecular imaging in vivo: fresh intact bladder specimen ~ 84.0 86.7
in vitro: bladder t 11 i
pLZ4"! NA Cy5.5 molecular imaging | V1o DAqCer TUmOT cet Anes NA NA
in vivo: xenograft mouse model
pHLIP* NA ICG molecular imaging in vitro: fresh intact bladder specimen 97 100°

NA, not applicable; IR700, IRDye 700DX; PIT, photoimmunotherapy; EGFR, epidermal growth factor receptor; HER-2, human epidermal growth factor receptor 2; FITC, fluorescein

isothiocyanate; ICG, indocyanine green.

“If necrotic and previously chemotherapy tissues were considered as false positive, the specificity was reduced to 80%.

46,47

difficulty. Compared with CT, multiparametric MRI (mpMRI)
has a high diagnostic value in differentiating the absence or presence
of DM invasion in patients, and then distinguishing muscle invasive
BC (MIBC) from NMIBC through the Vesical Imaging-Reporting
and Data System (VI-RADS).***° However, MRI is more time-
consuming and not suitable for patients who have a medical history
of metal foreign body implantation. PET/CT is the combination of
function-based PET imaging and anatomy-based CT imaging that
is mainly used in the detection of metastatic disease and positive
lymph nodes with normal size.”’ The clinical utility of all of the
above-mentioned radiological imaging technologies is limited by
high number of false-negative results and lack of real-time dynamic
judgment of residual tumors during surgery.>”

During conventional TURBT, urologists mainly rely on two-dimen-
sional images on the monitor and their own experience alone to assess
the depth of tumor invasion and distinguish the boundaries between
malignant tissue and benign tissue, a technique with poor accuracy.
Therefore, incomplete tumor resection or excessive removal of adja-
cent normal tissues may occur, resulting in residual tumors or bladder
perforation. The residual tumors are responsible for high recurrence
and progression rates after operations.” Also, bladder perforation
provides the favorable condition for extravesical implantation of exfo-
liated tumor cells and delays the time of first intravesical instillation
treatment, leading to poor oncological outcomes.”*”” The application
of new optical imaging technology in transurethral tumor resection is
the main unmet clinical need. Endoscopic molecular imaging using a
cancer-specific tracer-targeted fluorophore with a paired detection
medical device has shown potential to improve tumor detection

. . . . .. . 2728
and provide clear surgical margins in several preclinical studies.”’

Simultaneously, this diagnostic molecular imaging technology can
be applied directly as an adjuvant PIT to improve oncological out-
comes and, thus, recurrence-free and overall survival rates.

BC Detection

Based on the field of imaging view, optical imaging technologies are
classified as two different models, i.e., macroscopic and microscopic
modalities. Photodynamic diagnosis (PDD) and narrow-band imag-
ing (NBI) belong to macroscopic imaging modalities that survey a
wide region of bladder mucosa in a way similar to cystoscopy and
highlight suspicious malignant lesions by additional contrast
enhancement.” Considering their nature of non-tumor specificity,
although PDD and NBI improve the rate of papillary lesions and
CIS detection, false-positive results can occur in prior intravesical
therapy, inflammation, and acute bleeding.”” Confocal laser endomi-
croscopy (CLE) and optical coherence tomography (OCT), as real-
time microscopic imaging technologies, provide pathological infor-
mation on tissue microstructure and cell morphological changes by
producing high-resolution images of tissue in vivo.”>” Unfortu-
nately, CLE and OCT only survey a limited area of bladder mucosa
tissue. Therefore, the use of microscopic imaging technologies need
to combine with other macroscopic imaging methods (e.g., WLC,
PDD, or NBI) to define the boundaries of malignant tissue first.”’

Unlike PDD, molecular fluorescent tracer instead of photosensitizer is
used in optical molecular imaging to decrease the incidence of false-
positive results. CD47 is overexpressed on the membrane of more
than 80% of bladder tumor cells but not on normal urothelium.
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The interaction between CD47 and signal regulatory protein o
(SIRPa) on phagocytic cells transmits a signal that inhibits phagocy-
tosis of macrophages on bladder tumor cells.’’ Pan et al.*” evaluated
the diagnostic accuracy of anti-CD47-Qdot625-mediated endoscopic
molecular imaging for BC detection. After incubation with anti-
CD47-Qdot625, 119 suspicious bladder regions from 21 fresh intact
bladder specimens were examined under blue light, and the overall
sensitivity and specificity were 82.9% and 90.5%, respectively. CAIX
is a member of the carbonic anhydrase family that plays a role in
the regulation of intracellular pH value under hypoxia, and then
changes the biological characteristics of tumors in adhesion, prolifer-
ation, and progression.’” Through a similar strategy, eight fresh intact
bladder specimens were incubated with anti-CAIX-Qdot625 and then
examined under white and blue light cystoscopy. The sensitivity and
specificity for bladder tumor detection were 76.0% and 90.5% under
WLC. However, tumor detection under CAIX-targeted endoscopic
molecular imaging obtained a high diagnostic accuracy, and the over-
all sensitivity and specificity were 88.00% and 93.75%, respectively.*®

Peptides that target specific bladder tumor tissue can be selected
through the technique of phage-display peptide libraries or a one-
bead, one-compound combinatorial chemistry approach.
CSNRDARRC peptide represents the first peptide identified by
phage-display library technology that binds to human bladder tumor
cell lines (HT-1376) specifically. After intravesical instillation of the
corresponding fluorophore-peptide conjugate in the N-butyl-N-(4-
hydroxybutyl)nitrosamine (BBN)-induced rat models of bladder tu-
mor, it selectively targeted the luminal epithelium of bladder tumor
lesions but not that of normal bladder tissues.’® CSSPIGRHC peptide,
named NYZL1, was also identified by a phage- display technique that
binds to human bladder tumor cell lines (BIU-87). After NYZL1-tar-
geted fluorophore injection into the tail vein of human bladder tumor
xenografts in nude mice, the tracer bound to tumor tissue, but not to
normal organs or tissues.”” CSDRIMRGC peptide is a bladder tumor-
specific peptide named after PLSWT?7. Its diagnostic accuracy for
bladder tumor detection was explored in a preclinical study in eight
patients who accepted radical cystectomy (RC). The result showed
that PLSWT7-mediated molecular imaging yielded a high sensitivity
(84%) and specificity (86.7%) for detection of bladder malignant le-
sions.** CQDGRMGFC peptide, PLZ4 for short, is another bladder
tumor-specific ligand synthesized by the combinatorial chemistry
approach. An in vivo molecular imaging study showed that the
PLZ4-Cy5.5 conjugate selectively accumulated in tumor tissues of pa-
tient-derived xenograft mouse models after intravenous administra-
tion.*' Intratumor heterogeneity significantly compromises the diag-
nostic accuracy of optical molecular imaging.*> Many studies have
confirmed that malignant cells, including bladder tumor cells, have
an increased anaerobic glycolysis activity, which leads to an acidic tu-
mor microenvironment.®*%” The pHLIPs first target the acidity on the
cancer cell surfaces, and then cross through the membrane of cancer
cells. This effect is triggered by the acidic tumor microenviron-
ment.®>” 22 fresh intact bladder specimens were obtained after RC
and incubated with ICG-pHLIP molecular probe, and then examined
under near-infrared (NIR) imaging equipment. The sensitivity of ma-
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lignant tissue detection was 97%, and the specificity was 100% regard-
less of pathological stage. However, when necrotic and previously
chemotherapy-treated tissues were included, the number of false-pos-
itive results increased and the specificity was reduced to 80%."

A series of molecular fluorescent tracers have been used in molecular
imaging and have shown the potential to highlight bladder tumor le-
sions in animal models of urothelial cancer and tumor specimens
from patients. Thus, we question how to choose the best molecular
fluorescent tracer to perform endoscopic molecular imaging in a
particular patient with BC. The phenomena of intratumor heteroge-
neity and different expression patterns between patients or even
within the same patient complicate the process of molecular fluores-
cent tracer selection.”® Fortunately, before TURBT, it was strongly
recommended that patients with suspected malignant disease should
undergo cystoscopy-guided biopsy followed by histopathological
assessment of obtained sample tissue as the initial diagnostic proced-
ure according to the European Association of Urology (EAU) guide-
lines on NMIBC.” Histopathological assessment and next-generation
sequencing (NGS) of tumor specimens can reveal potential molecular
imaging targets and thus help urologists to select the most suitable
molecular fluorescent tracer for candidates who are most likely to
benefit from endoscopic molecular imaging.®’

BC Resection

TURBT is the contemporary cornerstone in the management of
NMIBC, and urologists depend on their own experience and indirect
visual feedback to assess tumor number, boundary, and depth of tu-
mor invasion. Unfortunately, residual tumors occurred in 51% of pa-
tients with a T1 bladder tumor.” Then complete resection of malig-
nant tissues is pivotal for prolonged recurrence-free survival and
overall survival. Simultaneously, avoiding unnecessary deep resection
and extended resection to preserve as much adjacent vital normal tis-
sues as possible, urologists need additional intraoperative imaging
guidance to perform tumor resection, regardless of the operator’s
experience in endoscopic surgery. Besides relying on subjective visual
assessment and indirect tactile feedback, surgeons may use optical
molecular imaging as an auxiliary imaging mode for WLC in tumor
resection. The mouse xenograft models were randomly divided into
two groups in a preclinical study: bladder tumor resection was per-
formed under natural light and optical molecular imaging in the con-
trol group (n = 20) and experimental group (n = 20), respectively. One
week later, the tumor recurrence rate in the control group and exper-
imental group was 95% and 5%, respectively. Also, 30 days after oper-
ation, the corresponding overall survival rate in two groups was 0%
and 90%."

Histopathological assessment of tumor specimens obtained after con-
ventional TURBT may be inaccurate because the tumor tissue has
been cut into pieces during surgery. To overcome this drawback, en
bloc resection of bladder tumor (ERBT) as a “no touch” technique
for treatment of NMIBC has obtained increasing interests among
urologists globally.”””> Endoscopic molecular imaging-guided en
bloc tumor resection may provide a clear vision of surgical margin
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and tumor base for urologists. Also, after surgery, a fresh intact tumor
specimen labeled with a molecular fluorescent tracer will help the
pathologist to make a more accurate histopathological evaluation
with the assistance of a fluorescence microscope. If a positive surgical
margin or MIBC is identified in the tumor specimen, the patient will
be advised to undergo reTUR or RC accordingly.

Decision-Making for reTUR

The ultimate goal in the management of NMIBC is to completely re-
move all visible tumors, with negative surgical margins and DM avail-
able in the specimen. Residual tumors found at reTUR reflect the poor
quality of the initial transurethral resection. Cumberbatch et al."
showed that residual tumors were found at reTUR in 17%-67% of pa-
tients with initial Ta and in 20%-71% of patients with initial T1
bladder tumor, and the vast majority of residual tumors (36%-
86%) were located in the initial resection site. Naselli et al.'"” demon-
strated that the pooled prevalence rate of residual tumors was 61%
and upstaging to muscle-invasive disease was 15% at reTUR in T1
cases. Even in the subgroup with DM presented in the specimen
from initial transurethral resection, the corresponding rates were
58% and 11%, respectively. In order to detect occult residual tumors
and achieve an accurate assessment of tumor stage, according to the
EAU guidelines, the patients with incomplete initial tumor resection,
no DM in the specimen of high-grade Ta (TaHG) tumors and all T1
tumors are recommended to accept reTUR within 2-6 weeks after
initial transurethral resection.” Therefore, after initial transurethral
resection, a large proportion of patients with NMIBC require surgical
intervention of reTUR. Unfortunately, from a European telephone
interview survey, the proportion of patients with low- and high-risk
NMIBC who accepted reTUR were only 25%-75% and 55%-98%,
respectively.”” Also, another systematic review enrolled 932 patients
with high-risk NMIBC, with the result showing that 463 (49.7%) pa-
tients underwent reTUR within 6 month, and only 55 patients
(11.9%) among them accepted reTUR within 6 weeks of diagnosis.74

Although enhanced imaging technologies (e.g., PDD, NBI, and high-
definition cameras) and advanced resection techniques (e.g., bipolar
or plasmakinetic) have been applied as a supplement to conventional
monopolar TURBT,””’® the intrinsic characteristic of piecemeal
resection of tumor tissue has not changed for nearly 60 years.””
Therefore, histopathological analyses of resected tumor specimens
are considered to be very challenging. Also, assessment of surgical
margin status and depth of tumor invasion are confused by electro-
cautery injuries, crush artifacts, tangential sections, and lack of spatial
orientation.”® To follow the general principles of oncological surgery
and obtain an intact tumor specimen, ERBT as a potential alternative
to conventional TURBT has gained growing interest among
urologists.”’

A two-center prospective phase 1 trial (ClinicalTrials.gov:
NCT01508572) has been completed. The trial observed the drug
safety and clinical efficacy in terms of positive surgical margins in
20 patients with primary breast cancer. The results showed that sys-
temically administered microdosing (4.5 mg) bevacizumab-IRDye

800CW during surgery was safe. Also, although the status of surgical
margin could not be assessed in situ, a clear fluorescent signal could
be detected at the positive surgical margin of the excised specimen.
Therefore, the surgeon could obtain quick and valuable feedback on
a removed specimen from fluorescence-guided intraoperative biopsy
pathology and then make a right decision to improve the quality of
cancer care.” Koller et al.*' reported a novel analytical framework
for fluorescence image analysis from the macroscopic to microscopic
level. An increase of 88% intraoperative detection of tumor-positive
surgical margins was achieved when the author used this novel
analytical framework to evaluate the clinical efficacy of FGS for inva-
sive primary breast cancer patients. Similarly, to evaluate the status of
surgical margins in BC patients, our group combined the advantages
of en bloc resection and NIR imaging technology, and the mean TBR
of resected specimens ranged from 1.70 to 4.09.%” Thus, on the one
hand, en bloc resection enables accurate pathological interpretation
of excised samples through better protection of tumor architecture
and spatial orientation during surgery.*> On the other hand, optical
molecular imaging of a fresh intact specimen is a useful complement
that provides accurate information about both the depth of tumor in-
vasion and the status of tumor surgical margin. By following this
strategy, the status of the surgical margin, pathological stage, histolog-
ic grade, and whether DM exists in the specimen can be assessed more
objectively and precisely, so that the surgeon can choose the right pa-
tient to perform reTUR decisively.

PIT for BC

PDT is an effective treatment modality for NMIBC. Due to the AEs
associated with PDT, it has not yet become a conventional therapy
method.** PIT is a novel molecular targeted therapeutic model that
depends on a conjugate of tumor-specific monoclonal antibody
with a highly hydrophilic phthalocyanine dye, IR700, which can be
activated by NIR light energy.* The natural hydrophilic of IR700 pre-
vents its nonspecific accumulation in bladder tumor and normal ur-
othelium. When IR700 is conjugated with a monoclonal antibody, the
conjugate selectively targets to tumor cell membranes where the
monoclonal antibody-specific surface protein is overexpressed.
Thus, PIT can play a targeted therapeutic role in the tumor area
and minimize the cytotoxicity to normal urothelium under NIR
radiation.

Proteins such as EGFR, HER-2, and CD47 are overexpressed on the
tumor cell membranes and have been used as excellent targets for
PIT therapy in vitro and in vivo. Panitumumab is a humanized
anti-EGFR monoclonal antibody. In a proof-of-concept study, pani-
tumumab-IR700-mediated PIT accelerated the death of human
bladder tumor cell lines (e.g., UMUC-5) and restrained tumor growth
in bladder tumor xenograft models compared with single panitumu-
mab-IR700 immunotherapy.”” Panitumumab and trastuzumab can
target EGFR and HER2 enriched on the bladder tumor cell surfaces,
respectively. Panitumumab-IR700- and trastuzumab-IR700-medi-
ated combination PIT therapy has a higher cytotoxicity to human
bladder tumor cell lines (e.g., SW780) and a stronger anti-tumor ef-
fect in bladder tumor xenograft models than either single agent.”
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In another study, anti-CD47-IR700-mediated PIT increased cytotox-
icity to human bladder tumor cell lines and primary bladder tumor
cells significantly in a light dose-dependent manner. Compared
with the NIR irradiation group and blank control group, the tumor
growth rate in the NIR-PIT group was significantly decreased. Also,
after NIR-PIT therapy for 5 consecutive weeks, statistical significance
was reached in inhibition of tumor growth compared to repeated
anti-CD47 immunotherapy.*®

PDT induces immunogenic cell death as characterized by the produc-
tion of damage-associated molecular patterns (DAMPs) from the
dead cells, and in turn primes the anti-tumor immune system.®” Ce-
tuximab is a chimeric human-mouse monoclonal antibody that binds
to the EGFR. The combination therapy of PDT and cetuximab
dramatically inhibited the tumor growth in nude mouse xenograft
models than the other two groups treated with only PDT or cetuxi-
mab.*® Thus, this result shows the possibility that patients with BC
may benefit more from the combination therapy of PIT with immu-
notherapy in future clinical trials.

Challenges and Future Perspectives

Endoscopic molecular imaging has shown the potential to improve
the detection rate of tumor lesions in fresh intact bladder specimens.
Also, NIR-PIT therapy has the ability to kill human bladder tumor
cell lines in vitro and restrain the tumor growth of bladder tumor
xenograft models in vivo. However, this current evidence was limited
to preclinical studies. There are still some scientific and technical
challenges that need to be addressed. For example, in order to strike
a balance between image quality and safety, it is necessary to conduct
dose optimization studies. Meanwhile, the applications of bright fluo-
rescent molecules and sensitive imaging devices are the guarantee for
obtaining high-resolution images. So far, the only imaging instrument
approved by the US Food and Drug Administration (FDA) for clinical
use is designed based on the optical characteristics of ICG.* Howev-
er, some newly designed fluorophores might have unique photophys-
ical properties that would be incompatible with the existing clinically
approved instruments, and thus a customized imaging device may be
needed to obtain high-resolution images and TBR. Compared to
WLC, additional optical imaging instrumentation and molecular
fluorescent agents are needed to perform endoscopic molecular imag-
ing and PIT. When we assess the cost-effectiveness of these new tech-
nologies, the extra costs of fluorescence agents, amortization of the
optical imaging equipment, and the benefit from improved oncolog-
ical outcomes should be considered together. Analogously, PDD and
NBI are enhanced cystoscopy technologies used in TURBT and
require additional optical imaging equipment. Considering the reduc-
tion of recurrence rate and related reoperation, PDD-guided TURBT
saved €168 per patient per year,”’ and the biggest economic benefit
was acquired among patients with intermediate-risk NMIBC.”" For
patients who received NBI-guided TURBT, $230-$500 was saved
per patient per year compared with conventional TURBT.”

Molecular fluorescent tracers and optical imaging instruments are
basic necessities for endoscopic molecular imaging and PIT. Howev-
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er, no general consensus is reached on the standardized clinical eval-
uation of molecular fluorescent tracer that makes it difficult to
conduct a multicenter study and compare the experimental results
from different research centers. For example, fluorescence signal in-
tensity and TBR are the most important reference to evaluate the clin-
ical value of a targeted fluorescent agent. The fluorescence intensity of
the inspection area is not only affected by the dosage, pharmacoki-
netics, and time interval between administration and examination
of the fluorescent tracers being investigated, but also by the technical
parameters, performance, and manufacturers of the selected imaging
instrument.”® Furthermore, although a high TBR could be obtained,
data acquisition might be influenced by the selected region of interest
(ROI).

The ultimate goal is the clinical translation of molecular fluorescent
tracers. Hence, a promising tracer has to go through a security anal-
ysis before being investigated in clinical trails. Unfortunately, the cur-
rent good production process and toxicity analysis are time-
consuming and expensive, and thus they are still the main obstacles
to the development of new tracers and fluorophores. Ideally, molec-
ular fluorescent agents should have certain characteristics, such as
appropriate pharmacokinetics, high detection accuracy, good safety,
and structural stability in vivo. Although endoscopic molecular imag-
ing currently cannot provide real-time histopathological information
in transurethral tumor resection, it has great potential value for real-
time qualitative and localized diagnosis of bladder malignant lesions
that makes tumor resection and histopathological assessment of spec-
imens more accurate. Subsequently, PIT may be used as an adjuvant
therapy to kill exfoliated tumor cells and residual tumors, and thus
reduce recurrence rates (Figure 1).

Conclusions

Even in their infancy stage, endoscopic molecular imaging and PIT
have shown their potential to revolutionize the overall management
of patients with bladder tumors by improving the positive detection
rate of malignant tissues, highlighting the boundaries between tumor
and normal tissue, and reducing the rates of tumor recurrence. How-
ever, there are still some obstacles that hinder the clinical translation
of these promising results. Therefore, multidisciplinary collaboration
between clinicians, chemists, physicists, biologists, and engineers is
necessary to develop new molecular fluorescent agents and optical
imaging instruments, translate them into clinical practice, and realize
their full potential value in cancer detection and therapy. and realize
its full potential value in cancer detection and therapy.
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Figure 1. Principle of Endoscopic Molecular Imaging-Guided Tumor Resection and Photoimmunotherapy

(Top) Schematic diagram of molecular fluorescent tracer-mediated endoscopic molecular imaging and photoimmunotherapy. (Bottom) Fluorescence imaging and histo-
pathological analysis of a fresh intact tumor specimen labeled with molecular fluorescent tracer. After intravesical instillation of the tracer (from 0.5 h to a few days before en
bloc resection depending on the pharmacokinetics of the tracer), the bladder is flushed and then examined with a paired imaging detection device. After en bloc resection of
the bladder tumor, the patient can accept photoimmunotherapy in a post-anesthesia care unit or ward immediately. Simultaneously, the fresh intact tumor specimen is sent
to the pathology department and imaged with a fluorescence camera and microscope. The pathologist can make a more accurate assessment of the status of the surgical
margin and depth of tumor invasion, then provide urologists with useful histopathological information to guide which patients need repeat transurethral resection or radical

cystectomy.
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