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The translation of laboratory science into effective clinical can-
cer therapy is gaining momentum more rapidly than any other
time in history. Understanding cancer cell-surface receptors,
cancer cell growth, and cancer metabolic pathways has led to
many promising molecular-targeted therapies and cancer
gene therapies. These same targets may also be exploited for op-
tical imaging of cancer. Theoretically, any antibody or small
molecule targeting cancer can be labeled with bioluminescent
or fluorescent agents. In the laboratory setting, fluorescence
imaging (FI) and bioluminescence imaging (BLI) have long
been used in preclinical research for quantification of tumor
bulk, assessment of targeting of tumors by experimental
agents, and discrimination between primary and secondary ef-
fects of cancer treatments. Many of these laboratory techniques
are now moving to clinical trials. Imageable engineered fluores-
cent probes that are highly specific for cancer are being
advanced. This will allow for the identification of tumors for
staging, tracking novel therapeutic agents, assisting in
adequate surgical resection, and allowing image-guided bi-
opsies. The critical components of FI include (1) a fluorescent
protein that is biologically safe, stable, and distinctly visible
with a high target to background ratio and (2) highly sensitive
optical detectors. This review will summarize the most prom-
ising optical imaging agents and detection devices for cancer
clinical research and clinical care.

INTRODUCTION

Traditional imaging modalities in clinical practice are used to identify
pathology in relation to anatomy. Computed tomography (CT), mag-
netic resonance imaging (MRI), or positron emission tomography
(PET) are useful diagnostic or surveillance tools. Until recently, imaging
was not used to identify targets for therapy and quantify the real-time
effectiveness of therapy. Recent advances in biological imaging now
allow quantification of targets for therapeutic agents. For example, the
binding of radioactive antibodies to the human epidermal growth factor
receptor-2 (HER-2) has been tested for the ability to identify and quan-
tify the level of HER-2 expression for targeting by Herceptin.'
Furthering this concept, radioactively tagged check-point inhibitors
have been used to quantify on- and off-target binding by antibodies.”

In novel cancer therapies, there are three imaging needs: (1) imaging

for agent/vector distribution to correlate to the effectiveness of ther-
apy, (2) imaging of off-target agent/vector distribution to correlate

aaaaaa

with toxicity, and (3) imaging of immune cell infiltration to discrim-
inate direct agent/vector effectiveness from the effectiveness of a sec-
ondary immune response. Many recent studies of nuclear medicine-
based biological imaging offer potential clinical translation of these
three areas to trials and future therapy. Other papers in this special
issue review these.

Non-white light optical imaging techniques include bioluminescent
imaging (BLI) and fluorescent imaging (FI). In the laboratory and
preclinical realms, bioluminescent and fluorescent techniques have
been invaluable. Most BLI requires substrates that are activated for
luminescence. Because these would be considered drugs in clinical
development, most BLI has been restricted to the preclinical area
and will not be discussed in detail here. In the current review, we sum-
marize the use of FI in cancer and gene therapy. Recent progress in
hardware development now provides for clinical machines to detect
real-time in vivo fluorescence in humans. We will first review the ap-
proaches being tested in cancer therapy outside of gene therapy. We
will then summarize the potential use of such optical imaging tech-
niques in gene therapy that have reached human trials and future
prospects (Table 1).

FLUOROPHORES

There are many advantages to FI. FI is real-time imaging and does not
require ionizing radiation® and requires no substrate for light emis-
sion.” It allows simultaneous detection of multiple cellular processes
using multiple emission spectrums (colors) of fluorophores. Many
fluorescent molecules are available for laboratory and clinical use.
In general, fluorophores exist that fluoresce green (emission wave-
length ~500 nm), orange (emission at 550-570 nm), red (red fluores-
cent protein [RFP]; emission at 570-620 nm), and far-red (emission
at over 620 nm).

The three most commonly used near-infrared (NIR) fluorophores
routinely in clinical use today are methylene blue,” fluorescein
(FL),° and indocyanine green (ICG). Their excitation and emission
characteristics are summarized in Table 2. The most common use
of these agents is for the demonstration of organ perfusion. Their
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Table 1. Applications of fluorescent imaging for cancer and cancer gene
therapy

Therapy Application

Cancer therapy delineating tumors and margins

mapping lymphatics

identification of metastases

identification of vital anatomic structures

Cancer gene therapy tracking oncolytic viruses

tracking immune cells

characteristics in vivo depend upon the injected dose, biodistribution,
clearance, metabolism, and affinity targeting.” The preclinical use in
quantifying gene expression has become commonplace. ICG was
approved as a clinical agent in 1959 and is used in applications as
diverse as determining cardiac output, determining hepatic function
and liver blood flow, and ophthalmic angiography. ICG offers a high
signal-to-background ratio (SBR) due to low autofluorescence and
high tissue penetration at a wavelength of 820 nm, distinct from
the wavelengths absorbed by blood and skin. ICG has a half-life of
150—180 s and is cleared by the liver. It is a very safe clinical agent
with only rare adverse events (AEs). Hypersensitivity reactions rarely
occur (1:40,000 administrations).®

Green fluorescent protein (GFP), discovered in 1962 by Shimomura
et al,, is the most studied fluorophore in molecular therapy. GFP is
a relatively small nontoxic protein consisting of 238 amino acids
and weighing 27 kDa. It is derived from Aequorea victoria and was
first sequenced in 1992.° GFP gene can be placed into an expression
cassette and cloned into a virus or a cell for tracking viral or cellular
therapy.

SUMMARY OF DEVICES USED IN FLUOROSCOPY
Many FI devices exist for both laboratory and clinical use (Table 3).
They, in general, are composed of a light source, usually with a variety
of wavelengths. Filters are inserted to eliminate excitation and
ambient light for use with one or more fluorophores. Detector(s) of
the appropriate spectral range and sensitivity, along with a good
display for real-time fluorescent readout superimposed on a reference
image, are also essential. The device architecture needs to consider the
desired field of view, resolution, and excitation/emission wavelengths.
The architecture of probes and detectors also needs to accommodate
the specific clinical application: open surgery, laparoscopic, thoraco-
scopic, endoscopic, and robot-assisted procedures.

There are several commercially available devices for intraoperative
NIR fluorescence (NIRF) imaging.'* The most popular are the Firefly
(Intuitive Surgical, Sunnyvale, CA, USA), SPY-PHI and Pinpoint Im-
agers (Stryker, Kalamazoo, MI, USA), and EleVision platform (Med-
tronic, Dublin, Ireland). Several systems are also made to work on
surgical microscopes, including the FL800 (Leica Camera, Wetzlar,
Germany) and Infrared 800 (Carl Zeiss AG, Oberkochen, Germany).
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Table 2. Common fluorophores in clinical testing and use

Excitation wavelength Emission wavelength

Fluorophore (nm) (nm)
Fluorescein sodium 475—490 510—520
Methylene blue 550—700 690
Indocyanine green 740—800 300—860

(ICG)

FLUORESCENT GUIDANCE IN CANCER SURGERY
Several fluorescent dyes are used in clinical medicine, with the most
popular being FL, methylene blue, and ICG (Table 2). The most com-
mon uses have been for the assessment of perfusion. The fluorescence
generated by the dye allows a significant increase of contrast between
well-perfused areas and poorly diffused areas. By injecting the dyes,
vascular and general surgeons have assessed organ perfusion in pa-
tients with vascular disease, and plastic surgeons have used FI to
assess the viability of microvascular flaps. In open surgery, many inex-
pensive handheld devices are available for the assessment of blood
flow. All of these fluorescent dyes can be used to look at organ or tis-
11

sue flap blood flow.

Recent years have seen a proliferation of devices (Table 3) for the clin-
ical detection of fluorescence in endoscopy, laparoscopy, and thoraco-
scopy. These allow the use of fluorescence for perfusion assessment in
minimally invasive procedures. The utility of laparoscopic ICG perfu-
sion assessment is used to evaluate colonic perfusion to allow well-
perfused anastomosis after resection of the colon for cancer.'” The
use of ICG perfusion also enables well-perfused ureters in reconstruc-
tion after bladder cancer resection to improve outcomes.'” Real-time
ICG angiography with the SPY FI platform (Stryker, Kalamazoo, MI,
USA) decreases ureter enteric strictures in urinary diversions per-
formed during radical cystectomy (SPY guided: 0/93 ureters, 0%;
non-SPY guided: 7/93 ureters, 7.5%; p = 0.01).

Flow-based tumor identification

More recently, these fluorescent dyes have also been used to highlight
tumors based on the high blood flow of tumors. A whole literature has
emerged in resection of neurologic tumors using FL-guided surgery
(FGS). Sodium FL enhances margin-free resections of spinal gliomas
surgery'* and brain neoplasms'” by enhancing delineation of tumor
margins. Methylene blue and NIRF have also been used successfully
to identify thyroid and parathyroid tumors.'®

The use of ICG fluorescence for the identification of tumors relies on a
slightly different principle. Within minutes of ICG injection, the liver
will become fluorescent green because of dye metabolism. Tumors
within the liver stay non-fluorescent for over 1 h. During that first
hour, fluorescent dye will also be excreted by the liver into the biliary
system, allowing identification of the major bile ducts. Liver surgeons
rely on the differential fluorescence of liver and tumor and the outlin-
ing of bile ducts for safe, margin-free resection of liver cancers
(Figure 1.
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Table 3. Names, types, and manufacturers for approved near-infrared
fluorescence imaging devices for use in surgery

Name Manufacturer Modality

SPY-PHY Stryker handheld

SPY Pinpoint Stryker laparoscopic/endoscopic

SPY Elite Stryker stand alone/open air

EleVision Medtronic stand alone/laparoscopic/endoscopic
Opall Karl Storz laparoscopic/endoscopic

Firefly Intuitive Surgical robotic

pde-neoll Hamamatsu handheld

Fluobeam Fluoptics handheld

FL800 Leica Camera surgical microscope

Infrared 800 Carl Zeiss AG surgical microscope

Spectrum Quest stand alone/open air

Sentinel lymph node mapping for cancer

Many cancers, including breast, colon, and skin cancers, spread to
lymph nodes. Such lymphatic spread has significant prognostic and
therapeutic implications. Those patients with lymphatic metastases
have poorer survival and usually benefit from excision of the affected
lymphatic tissues. Identification of lymphatic flow is, therefore, one of
the primary goals of surgical care.

Fluorescent dyes have been long used in this endeavor. The dye is in-
jected near the primary tumor, fluorescence detection then identifies
the first group of nodes to which the lymph travels. These lymph no-
des are called sentinel lymph nodes and biopsied as the most likely to
have cancer. In a recent meta-analysis of 18 sentinel lymph node
studies using methylene blue dye alone in patients with breast cancer,
the combined identification rate was 91%, with pooled sensitivity,
negative predictive value, and an accuracy rate of 87%, 91%, and
94%, respectively. Thus, mapping with this inexpensive dye using
inexpensive equipment can provide important clinical information
in the care of breast cancer patients.

NIRF imaging after peritumoral injection of ICG in patients with
stomach cancer undergoing radical gastrectomy has been found to
provide surgeons with effective visualization of the lymphatic anat-
omy of D2 lymph node stations to ensure clearance of tumor-drain-
ing basins. Lymph node retrieval was higher in yield when NIRF was
used as a guide than in the historical controls (48.9 versus 35.2; p <
0.001). All positive lymph nodes were green, but not all green nodes
were positive. These findings suggested that fluorescent lymphog-
raphy may assist the surgeon to intraoperatively identify and retrieve
all necessary lymph nodes in real time to achieve a more thorough
lymphadenectomy.'®

ICG mapping for lymphatic obstruction

An emerging clinical use of fluorescence-guided therapy for cancer is
ICG mapping of lymphatics. Many patients who have cancer surgery
develop lymphedema, swelling of extremities near areas of sites of

% ’ Tumor
Edge

Figure 1. Use of ICG for delineation of tumor margin in vivo

ICG is injected intravenously in patients. The liver metabolizes the fluorophore and
turns fluorescent green. Tumors in the liver remain dark, and margins can be seen as
negative if they are fluorescent green. (A) White light display of the tumor in the liver.
(B) The delineation by ICG fluorescence. (C) The cut liver edge by white light. (D)
Fluorescent display shows the negative margin since the entire surface is fluores-
cent.

surgery due to destruction of lymphatics. Lymphatic bypasses are
emerging as an essential therapeutic procedure to reduce morbidity
and improve quality of life. ICG-assisted lymphatic mapping has
proven invaluable in the surgical execution of these bypasses that
will enhance the quality of life."

SPECIFIC FLUORESCENT AGENTS FOR
LOCALIZATION OF CANCER

All of the fluorescent techniques above rely on blood and lymph flow.
There is also a push academically and industrially to develop fluores-
cent agents for the specific identification of cancer. The most
advanced fluorescent agents for tumor localization are listed in Tables
2 and 4. They fall into two categories: antibodies or ligands for pro-
teins and receptors on cancer cell surfaces and substrates for can-
cer-specific metabolic pathways. Almost all of these are labeled with
either ICG or one of the cyanine red dyes, including Cy5, Cy5.5,
and Cy 7.0. ICG-based compounds are very attractive because they
can be detected in many of the currently available fluorescent-detec-
tion hardware already in operating rooms (Table 3). With minor
modifications, this equipment can also detect cyanines and other
NIRF dyes.

Fluorescent substrates for cancer-specific pathways
Cathepsin-based imaging

The protease cathepsin is secreted by cancer cells at a higher level than
healthy cells. It is thought that tumors activate cathepsins to alter the
tumor microenvironment for cancer growth and metastasis. Two
agents under clinical investigations for cathepsin-based imaging of
cancer are LUMO15 from Lumicell and VGT-309 from Vergent.

LUMO15 is an imaging probe that is activated in the presence of ca-
thepsins. It is labeled with Cy5 and allows FI in vivo to assess tumor
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Table 4. Some fluorescent compounds in clinical development for use in cancer diagnosis and therapy

Compound Target Dye Application Clinical Excitation/emission Company
LUMO15 cathepsin Cy5 breast cancer and sarcoma resection margins phase 2 630/675 nm Lumicell
VGT-309 cathepsin ICG multi-tumor identification phase 1 745/820 nm Vergent

AVB-620 MMP-9 Cy5 + Cy7 multi-tumor identification phase 2 630/620—850 nm Avelas Biosciences
C-Dots integrin Cy5.5 t[::::iil;d head and neck cancers; margins and LN phase 2 630/710 nm Elucida Oncology
BLZ-100 chlorotoxin ICG brain, breast, skin cancer identification phase 1 745/820 nm Blaze Bioscience

LN, lymph node.

margins at surgery using the LUM Imaging System (Lumicell, Well-
esley, MA, USA). Smith et al.”’ studied the use of LUMO15 in breast
cancer patients in a phase 1 trial. It was found to be safe and cleaved as
expected in tumors.”” The tumor was distinguished from normal tis-
sue in pre- and post-menopausal women, and readings were not
affected by breast density. The favorable biodistribution and pharma-
cokinetics seen have led to current ongoing trials in breast cancer and
sarcoma.

VGT-309 is another cathepsin imaging probe. Cathepsins X, B/L,
and § specifically activated the probe. This compound has an ICG
molecule integrated along with a quencher for fluorescence. When
this molecule is exposed to cathepsin, the quencher is cleaved, al-
lowing detection of the fluorescent ICG. Because ICG detection
already has approved clinical-detection hardware, many clinical im-
aging systems already exist in hospitals for trials and hopefully in
the future for clinical use. In preclinical studies, Suurs et al.”* stud-
ied FI in BALB/c mice bearing a murine breast tumor. FI revealed
an increased tumor-to-background contrast over time up to 15.1,
24 h post-probe injection.*' This agent has gone through phase 1
healthy volunteer trials and is entering into cancer patient phase
1/2 trials.

Matrix metalloproteinase (MMP) imaging

MMPs are proteins that break down extracellular matrix proteins
during physiologic tissue remodeling. They are secreted in an inactive
form and are activated by extracellular proteinases. These proteins,
and in particular MMP-3, are thought to be involved in tumor initi-
ation. MMP-3 activity is high in many types of cancers. The protease-
activatable FI agent, AVB-620, was designed to image breast and
other tumors. Labeling by Cy5 and Cy7 allows detection of AVB-
620 by fluorescence detection.”> MMPs hydrolyze AVB-620, trig-
gering tissue retention and a ratiometric fluorescence color change
visualized using camera systems capable of imaging fluorescence
and white light simultaneously. Miampamba et al.*” performed an
ex vivo human tumor study on the biological activity of this agent. Pa-
tient tumor tissue and healthy adjacent breast tissue were homoge-
nized and incubated with AVB-620, and fluorogenic responses were
compared. Tumor tissue had 2- to 3-fold faster hydrolysis than
matched healthy breast tissue, generating an assay sensitivity of
96% and specificity of 88%.> AVB-620 is now in human phase 1/2
trials.
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Fluorescent nanoparticle imaging

The need for imaging cancer-infiltrated lymph nodes has fueled the
development of many other platforms to aid in the accurate identifi-
cation of tumor-bearing lymph nodes. Ultrasmall tumor-targeting
inorganic (silica) nanoparticles are one of several promising cancer-
imaging probes. C-Dots from Elucida Oncology, labeled with Cy5.5
for fluorescent detection, have been advanced into phase 2 trials for
cancerous lymph node detection in breast cancer and head and
neck cancer.”’

Chlorotoxin (CTX)-based agents

An exciting class of agents entering clinical trials relies on peptide
conjugates with natural tumor-binding qualities derived from the
venom of the scorpion Leiurus quinquestriatus. These agents can
bind to several cancers, including gliomas and a variety of other solid
tumors. BLZ-100 is one such agent and uses ICG as the fluorophore.**
Baik et al.** recently reported the preclinical testing of this agent in the
identification of head and neck squamous cell carcinoma (HNSCC).
In HNSCC xenografts, BLZ-100 proved to be a sensitive and specific
marker of HNSCC and could distinguish high-risk from low-risk
dysplasia.”* BLZ-100 is being moved forward through human testing.

Fluorescent antibody-based imaging

Many cell-surface tumor markers have been useful for the pathologic
diagnosis of solid tumors. Of these, the most important have been the
following: (1) carcinoembryonic antigen (CEA) for colorectal cancer,
breast cancer, lung cancer, and gastric cancer; (2) prostate-specific
membrane antigen (PSMA) for prostate cancer; and (3) cancer anti-
gen (CA125) for ovarian cancer. Specific, high-affinity antibodies
have been developed and brought into the diagnostic imaging realm
for these and other cancers. As such, >*I-CEA antibody PET scan-
ning” and ®*Ga-PSMA antibody PET scanning® are highly prom-
ising clinical imaging techniques. Some of these antibodies are now
also being labeled with fluorophores and brought forth as possible
operative and procedural imaging modalities. We will restrict our re-
marks to CEA antibodies in this review. Many other antibodies,
including ones directed at PSMA, Tag-72, are under testing.

CEA antibodies

CEA is a non-internalizing tumor antigen expressed at high levels in
many tumors, including colorectal cancer (90%), gastric cancer
(80%), pancreatic cancer (60%), breast cancer (50%), and lung cancer
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Figure 2. Sensitive detection of cancer cells using cancer-specific
fluorescent oncolytic viruses

Liver cancer cells are combined with various amounts of benign hepatocytes.
Shown is a mixture of 1:2,000,000 cancer:benign cells. White light microscopy is
shown (A); fluorescent microscopy is shown (B). Sensitivity of detection by routine
cytology is one cancer cell in the background of 20,000 normal cells.

(60%).”” " The first example of an anti-CEA monoclonal antibody
(mAb) for FGS in the clinic is SGM-101 (SurgiMab), a chimeric
anti-CEA mAb-IR700 evaluated in 12 pancreatic cancer patients
and shown to be safe and feasible.”>>* A significant disadvantage
of this agent is the potential for human anti-chimeric antibody
(HACA) response and the lack of clinically available instruments to
image at 700 nm wavelength. Therefore, Yazaki et al.”> have devel-
oped a novel antibody-tagged fluorophore, anti-CEA-M5A-IR800,
that combines a humanized mAb against CEA (M5A mAb) with an
IR-800 dye that is detectable by currently available clinical imaging
systems. The anti-CEA M5A-IR800 conjugate can rapidly and effec-
tively image colon cancer’® as well as pancreatic cancer’”>*® in mouse
patient-derived orthotopic xenograft (PDOX) models.”

OPTICAL IMAGING OF ONCOLYTIC VIRAL THERAPY

Some of the most robust examples of the preclinical in vivo research
that use FI technology with active cancer targeting are in oncolytic
viral therapy. The field of oncolytic viral therapy aims to design vi-
ruses that specifically infect and kill cancer and generate an immune

response directed at cancer. By having the virus carry a transgene
coding a fluorescent protein, FI allows documentation of sites of
infection and replication. It can also allow assessment of therapeutic
viral delivery to correlate with on-target efficacy and off-target tox-
icities. Thus, there is much data that FI can be used to track onco-
lytic viral therapy.

In preclinical studies, oncolytic viruses (OVs) that encode EGFP also
hold promise for enhancing the diagnosis and staging of cancer. By
injection of replication-competent OV such as vaccinia virus, herpes
simplex virus 1 (HSV-1), and Newcastle viruses that express EGFP,
investigators have been able to use optical imaging of EGFP expres-
sion to identify tumors in their organs of origin, distant sites of me-
tastases including the lymph nodes*’ and peritoneum,*" and tumor
involvement of nerves.*’

In animal models, virally guided cancer detection has been used to
guide cancer surgery.”” NV1066 is a novel oncolytic herpes viral
strain that specifically infects cancer cells and expresses GFP. An
in vivo breast cancer metastasis model was treated with NV1066 via
injection into the primary tumor. Axillary lymph nodes were tracked
using an in vivo FI system, and tumors were successfully identified in
the axillary lymph node by NV1066 infection and expression of
EGFP. Histologic and molecular assessment of GFP-positive lymph
nodes confirmed positive metastases identification. This demon-
strated that optical imaging could track viral infection of primary
breast tumors to enable real-time intraoperative detection and resec-
tion of lymphatic metastases.

In another animal study, NV1066 allowed real-time optical imaging
of fluorescent proteins in OV-infected peritoneal cancers to enable
detection and clearance of occult peritoneal metastases.”’ In in vivo
models of mice with human gastric cancer cells implanted into the
peritoneum, NV1066 effectively diagnosed peritoneal carcinomatosis
by its EGFP expression of infected cells visible through a minimally
invasive, laparoscopic system with appropriate fluorescent filters. Af-
ter intraperitoneal administration of NV1066, macroscopic tumor
foci that expressed EGFP were imaged by direct laparoscopy, whereas
noncancerous organs were uninfected and did not express EGFP.
EGFP expression in intraperitoneal tumors targeted by OV was visu-
alized laparoscopically and allowed localization of tumors as well as
tracking of viral gene therapy. Moreover, in another study, this fluo-
rescent-guided tracking of NV1066 infection of peritoneal tumors
informed real-time visualization of the residual tumor after attempted
cytoreductive surgery and decreased minimal residual disease when
FI was used to guide resection.** It was concluded that FI could be
used to track viral infection for real-time intraoperative guidance in
cytoreductive surgery to ensure completeness of resection and
improve the oncologic quality of the operation.

Undoubtedly, preclinical studies suggest that tumor-targeted FI can
be used for tracking OV therapy, improved cancer staging, and
real-time surgical guidance to improve cancer surgery. The use of
fluorescence to track OV therapy is undergoing initial testing in
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Table 5. Clinical trials using optical imaging through gene therapy

Clinical trial Disease process Delivery route Imaging modality Clinical trial number

Phase 1 head and neck iv. fluorescence microscopy and imaging ClinicalTrials.gov: NCT01584284
Phase 1 solid tumor iv. fluorescence microscopy closed

Phase 1 recurrent ovarian iv. fluorescence microscopy ClinicalTrials.gov: NCT02759588
Phase 1 peritoneal carcinomatosis ip. fluorescence microscopy ClinicalTrials.gov: NCT01443260
Phase 2 recurrent ovarian ip. fluorescence microscopy ClinicalTrials.gov: NCT02759588

Only one oncolytic virus with optical imaging has reached clinical testing. This is the vaccinia virus Olvi-Vec (Genelux, San Diego, CA, USA). It carries the GFP gene for fluorescent
imaging. The trials ongoing with this vector are listed. i.v., intravenous; i.p., intraperitoneal.

man. Fluorescence expressing OVs will likely be used as both a neo-
adjuvant therapy for cancer as well as a potential tool for identifying
small or occult tumors to enhance subsequent surgical resections of
cancer.

CLINICAL TRIALS USING GENE THERAPY-BASED
OPTICAL IMAGING

Staging of cancer

Patients with peritoneal dissemination of pancreatic adenocarcinoma
do not benefit from surgical resection. Therefore, detection of perito-
neal metastases is an essential part of staging patients. Kelly et a
sought to determine if a fluorescent HSV that is highly specific for
cancer can be used to allow sensitive detection of peritoneal disease.
These investigators had determined that as few as 1 cancer cell in
2,000,000 normal cells can be detected by such fluorescence detection
(Figure 2). Peritoneal washings from patients with pancreatic adeno-
carcinoma were incubated with the EGFP-expressing oncolytic HSV
NV1066. EGFP-positive or -negative status was recorded for compar-
ison to conventional cytology and to recurrence and survival for pa-
tients who underwent RO resection. Of 82 patients entered in this trial,
12 (15%) had positive cytology, and 50 (61%) had virally mediated
EGFP-positive cells in peritoneal washings. All cytology-positive pa-
tients were also EGFP positive. For detection of any peritoneal meta-
static disease, HSV-mediated fluorescence detection had 100% sensi-
tivity. Median recurrence-free and disease-specific survival was 6.5
and 183 months for EGFP-positive patients, versus 12.2 and
36.2 months for EGFP-negative patients (p = 0.01 and 0.19). This
genetically modified HSV can be used as a highly sensitive optical
diagnostic agent for detection of micro-metastatic disease in patients
with pancreatic adenocarcinoma.

1.45

Tracking of gene therapy

Olvimulogene nanivacirepvec (GL-ONC1 or Olvi-Vec; Genelux, San
Diego, CA, USA) is an attenuated oncolytic vaccinia virus encoding
the light-emitting fusion protein Renilla luciferase-Aequorea GFP
(RUC-GFP) with potential bioluminescent and antineoplastic
activities.

Olvi-Vec has progressed through phases I and II clinical trials in treat-
ing multiple malignancies (Table 5). Olvi-Vec has been used to treat
chemotherapy-refractory or recurrent ovarian cancer in phase I trials
(ClinicalTrials.gov: NCT02759588).“° A subsequent phase II expan-
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sion trial entitled VIRO-15 (ClinicalTrials.gov: NCT02759588)
enrolled women with platinum-resistant or refractory ovarian cancer
and sought to determine progression-free survival (PFS) and overall
response rate (ORR) by imaging and CA-125. Patients were treated
with carboplatin doublet with and without bevacizumab in addition
to Olvi-Vec. Median PFS was 11.6 months, and ORR was 63%,
with 5% of patients having a complete response. AEs were similar
to the phase I trial, which included pyrexia (58%), abdominal pain
(50%), nausea (50%), abdominal distension (46%), and fatigue
(35%). Despite the AEs experienced in most of the cohort, perfor-
mance status was preserved or improved in 92% of the participants.
PES and overall survival were improved compared to historical
trials.”’

At present, it is the only OV or cancer gene therapy capable of optical
imaging that has entered human trials.*® In two trials, the FI capabil-
ities were put to use. The first was in a phase I trial of intraperitoneal
viral delivery for advanced-stage peritoneal carcinomatosis or
advanced peritoneal mesothelioma. Dose-limiting toxicity (DLT)
was not reported, and the maximum tolerated dose (MTD) was not
reached. Signs of viral shedding were not observed. Importantly, in
8 of 9 study patients, effective intraperitoneal infections, in-patient
replication of GL-ONCI, and subsequent oncolysis were demon-
strated in cycle 1.”” As a correlative in this study, the investigators
used fluorescent microscopy to examine peritoneal cells and were
able to document viral replication by seeing increasing fluorescence
over time."’

In the second trial, Olvi-Vec was also tested in an intravenous admin-
istration trial (ClinicalTrials.gov: NCT01584284) in addition to che-
moradiation in patients with primary, non-metastatic, pl6-positive
oropharyngeal cancers. Nineteen stage IV patients were enrolled in
5 cohorts and treated with up to 3 x 10° plaque-forming units
(PFUs) on days 3, 8, 15, and 22. Common AEs included rigors
(68%), pyrexia (53%), fatigue (89%), and nausea (89%). In this trial,
when skin rash occurred in 37% of patients, FI was used to confirm
GFP expression at the pox-like lesion (Figure 3). The use of FI allows
correlation of viral presence.”

Conclusions
Optical imaging is non-invasive, easy to use, and open to ready tech-
nologic advancements with the potential to impact preclinical design
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and clinical outcomes of cancer therapies significantly. BLI tech-
niques will likely remain in the realm of laboratory and preclinical
studies. FI is already in trials and clinics. To optimize each aspect
of the FI techniques, efforts in this field have relied on GFP, ICG,
novel fluorescent probes, and novel viruses carrying transgenes cod-
ing GFP. No doubt, exciting trials currently underway will result in
future tools for tumor-specific optical imaging in cancer diagnostics
and therapeutics.
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