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Guidelines for Rational Cancer
Therapeutics

Byunghee Yoo, Ann-Marie Billig? and Zdravka Medarova’™

' MGH/MIT/HMS Athinoula A. Martinos Center for Biomedical Imaging, Massachusetts General Hospital and Harvard
Medlical School, Boston, MA, United States, ?Bouvé College of Health Sciences, Northeastern University, Boston, MA,
United States

Traditionally, cancer therapy has relied on surgery, radiation therapy, and chemotherapy.
In recent years, these interventions have become increasingly replaced or comple-
mented by more targeted approaches that are informed by a deeper understanding
of the underlying biology. Still, the implementation of fully rational patient-specific drug
design appears to be years away. Here, we present a vision of rational drug design for
cancer that is defined by two major components: modularity and image guidance. We
suggest that modularity can be achieved by combining a nanocarrier and an oligonu-
cleotide component into the therapeutic. Image guidance can be incorporated into the
nanocarrier component by labeling with a specific imaging reporter, such as a radionu-
clide or contrast agent for magnetic resonance imaging. While limited by the need for
additional technological advancement in the areas of cancer biology, nanotechnology,
and imaging, this vision for the future of cancer therapy can be used as a guide to future
research endeavors.

Keywords: imaging, cancer, therapy, rational, nanomedicine

INTRODUCTION

The recent past has seen an impetus to develop more personalized therapies for cancer, as part
of the general concept of precision medicine. In this review, we look at a component of precision
medicine focused on the specific design of the therapeutic. We suggest that it is possible to design
therapeutics that are fully rational. Namely, we envision rational therapeutics as therapeutics based
entirely on predesigned components. This strategy is different than strategies that we have seen
in the past or are seeing currently. Traditional approaches are largely reliant on trial-and-error
discovery. A prime example is penicillin, which was discovered by pure chance. Even more rational
modern approaches such as combinatorial screening, have a large element of trial-and-error in
their discovery. The approach we are talking about has no trial-and-error components. It is entirely
predesigned, meaning that that each patient will be given a treatment plan that would have been
determined as nearly 100% effective because of their genetic makeup, anatomy, and physiology.
Because of that, this approach fits perfectly into the concept of precision medicine—if an approach
is truly rational, it can tell us whether a patient is going to respond to treatment before that patient
has even been injected with the drug.

Key components of rational therapeutics are modularity and image guidance. Modularity
allows us to synthesize libraries of therapeutic agents that are optimized for a given indication or a
given patient in terms of size, surface coating and charge, hydrophilicity/hydrophobicity; antigen-
targeting through incorporation of targeting peptides, and therapeutic moiety. Image guidance
answers questions about the individual biology of a given patient or indication. It is necessary
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because we know that each organ and each patient are highly
variable in terms of vascularity, fat content, vascular perme-
ability, inflammatory profile, etc. Because of these differences,
we need to vary features such as physicochemical drug design,
injection dose, schedule, and even route, in order to provide the
best and most effective treatment possible for every individual
patient. Imaging is the only modality that can provide answers
to these questions.

In our experience, an ideal candidate for rational drug design
has three components: a DNA/RNA therapeutic component,
a nanoparticle carrier, and an imaging reporter. DNA/RNA-
targeted methods could be an integral part of rational therapeu-
tics. This essential component takes advantage of the “coded”
nature of the genome and transcriptome. Because of that, DNA/
RNA-targeted methods provide an ideal platform for completely
rational design of diagnostic and therapeutic agents based on the
phenomenon of complementarity. This approach can be used
while relying on recent advances in genome sequencing like
antisense oligonucleotides [locked nucleic acid (LNA) oligos,
antagomirs, miRNA sponges], small interfering RNA (siRNA)
duplexes, or ribozymes. These molecules can be synthesized to
target portions of the code that are aberrant in disease and thus
the unique genome of the patient would in turn direct us to an
equally unique cocktail of therapeutic agents. This constitutes a
prime example of achievable individualized medicine.

Nanotechnology is another component of the envisioned
rational therapeutic. Specifically, nanoparticles are carriers that
can incorporate all three components of the drugs that we envi-
sion. They can easily be functionalized with oligonucleotides
(antisense, siRNA, etc.) without interfering with the functional-
ity of the oligos. Their design can be fine-tuned using standard
synthetic chemistry, e.g., liposomes, iron oxide nanoparticles,
etc. Finally, they can be labeled with an imaging reporter, e.g.,
radionuclide. An example is presented by polymer-coated iron
oxide nanoparticles. By varying the ratios of coating to iron,
the size of the nanoparticles can be adjusted. In addition, fairly
standardized chemistry can be used to incorporate different coats
onto the nanoparticles, e.g., dextran, carboxydextran, starch,
polyethylene glycol (PEG), etc. These changes in size and surface
coating result in very diverse biological fates, related to the agents’
pharmacokinetics and pharmacodynamics.

Image guidance is the third component of the envisioned
drug design. By labeling the drug with an imaging reporter, we
can monitor the delivery of the therapeutic agent to the tissue
of interest. Image-guided delivery can be instrumental to assess
and control delivery to the target tissues. Imaging can be used
to determine the optimal drug design, delivery schedule, route,
and therapeutic dose on an individual basis and to suggest
alternatives should therapy fail in a given patient. In our view,
dual-modality approaches, such as PET-MR or PET-CT would
be optimal. PET-MR specifically could obtain near perfect spatial
registration of molecular/functional positron emission tomogra-
phy (PET) and anatomic/functional magnetic resonance imag-
ing (MRI). This combination allows highly detailed anatomical
images (MR) to be co-registered with PET images that have
greater sensitivity and the capability for precise quantitation of
local drug concentration.

OLIGONUCLEOTIDE DESIGN

Of the three elements of rational therapeutics, oligonucleotide
development is by far the most advanced. Partly, the reason for
this investment in the development of oligonucleotide therapeu-
tics stems from the vast potential to address therapeutic chal-
lenges, including undruggable targets. Synthetic oligonucleotides
include, among others, antisense oligonucleotides, mRNA oligos,
siRNA, microRNA inhibitors or mimics, and more recently, long
non-coding RNA modulators. Unlike biologics or small mol-
ecules, the listed synthetic oligonucleotides have the advantage
of generally binding their targets through direct Watson-Crick
complementarity. This fundamentally straightforward property
provides an opportunity for rational, computational design of
therapeutics, based on the simple knowledge of the target and
its sequence.

Nevertheless, there is a list of challenges related to the design
of synthetic oligonucleotides for therapy. These challenges relate
to the fact that the chemical architecture of the oligonucleotide
needs to be fine-tuned according to the requirements for favora-
ble pharmacokinetics. This includes ADME, long-term stability,
safety, and immunogenicity, and capacity to engage the target
with high affinity and specificity without off-target effects. The
latter is especially important when the oligonucleotide functions
in the context of a multi-enzyme complex, as is the case for siRNA.

On the level of oligonucleotide architecture, these issues
are addressed by rationally designed chemical modifications.
Backbone and sugar modifications are two general strategies
that have found application. The most commonly encountered
backbone modification is the phosphorothioate linkage. The
phosphorothioate (PS) linkage imparts significant resistance
to nuclease degradation. However, in addition to this role, the
PS linkage also has a major impact on oligonucleotide traffick-
ing and uptake. Specifically, phosphorothioates can promote
oligonucleotide binding to serum albumin (1) and effectively
alter the pharmacokinetics and circulation half-life of the oligos.
Phosphorothioate linkages also enhance the cellular uptake of
oligos without a carrier for transfection (2). Finally, phosphoro-
thioate linkages can have a reduced binding affinity for the target
(3), necessitating further optimization to offset this effect and
increase potency.

Such alevel of flexibility can be achieved through sugar modi-
fications. These include, among others: incorporation of 2’-O-Me
units to increase affinity and nuclease stability (4, 5); the incor-
poration of LNA analogs (6, 7) to dramatically increase binding
affinity, improve nuclease stability, and reduce immunogenicity;
and the incorporation of a 2’-O-MOE [2'-O-(2-methoxyethyl)]
modification to increase affinity and nuclease stability (8).
A thorough review on the subject can be found in Ref. (8, 9).

Iterative computational methods are available to arrive at a
candidate that has the required properties for a given target. Still,
an element of empiricism can be involved, for example, when
designing siRNA oligos to an mRNA of interest due to variability
in the properties of the specific binding site on the mRNA oligo.
Oftentimes, this is addressed by utilizing a cocktail of siRNAs.

Nevertheless, compared to methodologies for the design
and selection of small molecule drugs or biologics, the degree
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of empiricism is somewhat limited, and originates from the fact
that even short oligos have unique structures that impact their
biophysical properties. In this context, we would like to highlight
a recent publication, which reported on the development of an
automated methodology for the prediction of the pharmacologi-
cal properties of short DNA/LNA oligonucleotides. Namely, the
authors apply quantum mechanical calculations to predict struc-
tures and electrostatic surface potentials for the oligos, which are
primary determinants of interaction between molecules (10).

As an example, the authors studied the effects of changed
internucleoside linkages from a phosphodiester (PO) to a phos-
phorothioate (PS). LNA-PO-AAG (Figure 1A) was compared
with LNA-PS-AAG (with the PSs in the RS configuration)
(Figure 1B). The LNA-PS-AAG (RS) modification resulted in a
large potential change and exhibited a more scattered topology
compared to LNA-PO-AAG, with a shift of the electrostatic
potential toward the 5’ end. PS modification also induced
changes in the localization of the frontier orbitals. The highest
occupied molecular orbitals/lowest unoccupied molecular orbit-
als are split between adenine and guanine for LNA-PO-AAG
(Figure 1A) but the LUMO resides on the central adenines for
PS (Figure 1B) (10). The study illustrates the application of
quantum mechanical modeling that can be used to understand
antisense oligonucleotide properties and to explain the observa-
tion that small structural changes in oligonucleotide composition
may lead to dramatic shifts in phenotypes, i.e., toxicity, protein
binding, and tissue and cell uptake. This type of analysis could be
applied in future oligonucleotide drug discovery and would allow
the production improved antisense drugs.

NANOCARRIER DESIGN

Despite the advancements in oligonucleotide design for therapy,
rapid entry into the clinic is hampered partly by obstacles related
to oligo delivery in vivo. After intravascular administration,
oligos get aggregated by serum proteins in the plasma, and/or
are rapidly eliminated by the kidneys, resulting in very short

FIGURE 1 | Structures and frontier orbitals (red/blue) for (A) locked nucleic
acid (LNA) with the sequence 5'-AAG-3’ (5" end at bottom of structure) and
(B) LNA with sequence 5’-AAG-3’, chemically modified by phosphorothioate
internucleoside linkages (PS). The electrostatic potential (negative) is shown
in gray and represented by an /so-potential value of —83 kd/mol. Reproduced
from Ref. (10) with kind permission by Mary Ann Liebert, Inc.

intravascular circulating half-lives in the range of minutes (11).
Additional obstacles to delivery include passage across the vascu-
lar endothelium, diftusion through the extracellular matrix, and
translocation across the cell membrane. Finally, oligonucleotides
are associated with immune activation, further limiting their
clinical application (12, 13).

These issues could be addressed by conjugating, complexing,
or encapsulating the oligos to nanocarriers. These can be classi-
fied into three types: lipid-based, polymer-based, and inorganic
nanoparticles. Nanocarrier design is optimized in terms of
physicochemical properties (surface coating and particle size) in
order to achieve optimal biodistribution and pharmacokinetics,
to shield the oligo from degradation, to facilitate cellular uptake,
and release the oligo in the proper intracellular compartment,
and to satisfy requirements related to their physiological safety,
including lack of immunogenicity, non-coagulation with serum
proteins, and low non-specific uptake by normal tissues or cells.

As stated in Ref. (14), a major prerequisite for successful
oligo delivery is the presence of positive charges on the surface
of the nanoparticles that would facilitate uptake across cell mem-
branes. However, cationic surface charges increase the chances of
aggregate formation with plasma proteins. This can be overcome
by the introduction of PEG on the surface of the nanocarrier.
This can neutralize the surface charge and avoid interaction
with plasma proteins, resulting in longer circulation half-life and
faster diffusion across the extracellular matrix (15). However,
this modification interferes with cellular uptake and necessitates
an additional moiety for receptor-mediated endocytosis, which
significantly limits the modular potential of the construct.

With respect to nanoparticle size, we are limited by the require-
ment that the size of the nanocarrier-oligo construct should
be larger than the pore size of the glomerular filtering system
(>7 nm) to avoid renal clearance but small enough (<100 nm)
to avoid rapid phagocytosis by cells of the reticuloendothelial
system (16-19). Typically, nanocarriers in the range of 10-100 nm
in diameter are optimal to allow delivery to tissues through the
enhanced permeation and retention effect. This is particularly rel-
evant for solid tumors that are characterized by leaky vasculature
(16, 20, 21). Even in poorly permeable tumors, nanocarriers
smaller than 50 nm can penetrate the capillary endothelium,
whereas micellar nanoparticles of 70 nm are retained in the
vasculature (22). Based on these observations, the optimal size of
nanocarriers for cancer treatment can be narrowed to 10-50 nm.

These requirements, as well as detailed descriptions of poly-
meric nanoparticles, lipid-based nanoparticles, and inorganic
nanoparticles for oligo delivery can be found in Ref. (14). Here, we
will highlight a few investigations that relate to the advancement
of modularity in nanocarrier design. An ingenious new method
was described earlier this year (23) that would permit the high
throughput in vivo discovery of targeted nucleic acid nanothera-
peutics. This methodology directly addresses the fact that nucleic
acid therapeutics are limited by inefficient delivery to target
tissues and by an incomplete understanding of how nanoparticle
structure affects biodistribution. The authors developed a method
to simultaneously measure the biodistribution of many chemi-
cally distinct nanoparticles by formulating the nanoparticles to
carry specific DNA barcode oligonucleotides. These barcoded

Frontiers in Oncology | www.frontiersin.org

December 2017 | Volume 7 | Article 310


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive

Yoo et al.

Rational Drug Design

nanoparticles were then administered to mice in vivo. After a
pre-selected time, nanoparticle biodistribution was quantified by
deep sequencing the barcodes (Figure 2). This method permitted
the accurate measurement of relative quantities of nucleic acid
delivered to tissues and identified chemical properties promoting
nanoparticle delivery to specific tissues (23). Using this system,
it should be possible to rapidly select nanoparticles targeting
specific organs following in vivo administration. The approach
would also facilitate a deeper understanding of how the chemical
structure of nanoparticles affects their delivery in vivo.

To illustrate the modular potential of nanotechnology, we
focus on a recent publication by Robert Siegwart’s group at
the University of Texas Southwestern Medical Center (24). In
their study, the authors synthesized more than 1,500 siRNA-
incorporating modular dendrimers using sequential, orthogonal
reactions where ester degradability was systematically integrated
with chemically diversified cores, peripheries, and generations
(Figure 3). They then screened these dendrimers in cell lines
and in mice to identify candidates that achieve high potency
to tumors and low hepatotoxicity and provide a pronounced
survival benefit in an aggressive liver cancer model (24). This
study is just an example of the power of nanotechnology for
modularity. However, multiple nanocarriers, beyond dendrimers,
could be synthesized using a modular approach. These include
soft/hollow-core nanoparticles, such as lipid nanoparticles,
polymeric nanoparticles, carbon nanotubes, and porous silica
nanoparticles, as well as hard-core nanoparticles, such as quan-
tum dots, gold nanoparticles, and iron oxide nanoparticles. Also,
modular building blocks can be utilized for the optimization of

nanocarrier structure in terms of size, surface charge, spacer
length, and functional groups to ensure long-term stability, the
enhanced interaction with target transcriptomes, and optimal
circulation half-life/biodistribution.

IMAGING

The role of imaging in cancer therapy is well established. As part
of their routine work-up, patients are imaged by ultrasonography,
computerized tomography (CT), MRI, or positron emission
tomography (PET) to both diagnose and stage the disease, and
to monitor the progress of treatment. The value and necessity
for this type of analysis is indisputable. In addition to imaging, a
wide variety of circulating biomarkers, such as circulating tumor
cells, exosomes, and circulating cell-free DNA/RNA, are finding
application in recent years. Finally, more invasive in situ diag-
nostic methods that involve biopsy are widely used and largely
considered as the gold standard diagnostic approach.

In this review, we focus on imaging not for the diagnosis,
staging, and monitoring of cancer, but rather for the specific
measurement of drug delivery to the target tissue and/or the
overall pharmacokinetics of the drug. Even though this kind of
studies are routinely involved in the process of drug develop-
ment, they are not part of patient care. Since the overall goal is
the modular development of strictly personalized therapeutic
agents, in the treatment paradigm that we illustrate here, knowl-
edge about pharmacokinetics and drug delivery need to be
obtained for each patient. Hopefully, this could be accomplished
concurrently with the assessment of therapeutic response.
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FIGURE 2 | DNA barcoded nanoparticles for high-throughput in vivo nanoparticle delivery. (A) Using high-throughput fluidic mixing, nanoparticles are formulated to
carry a DNA barcode. (B) Many nanoparticles can be formulated in a single day; each nanoparticle chemical structure carries a distinct barcode. Particles are then
combined and administered simultaneously to mice. Tissues are then isolated, and delivery is quantified by sequencing the barcodes. In this example, nanoparticle
1 delivers to the lungs, nanoparticle 2 delivers to the liver, and nanoparticle N delivers to the heart. (C) This DNA barcode system enables multiplexed nanoparticle-
targeting studies in vivo, improving upon the current practice, which relies on in vitro nanoparticle screening to identify lead candidates. Reproduced from Ref. (23)
with kind permission by the National Academy of Sciences.
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FIGURE 3 | A modular strategy for diversifying the chemical functionality and size of ester-based dendrimers allowed discovery of potent and nontoxic dendrimers
for in vivo small-RNA delivery to tumor cells. (A) Orthogonal reactions accelerated the synthesis of >1,500 modular degradable dendrimers by combination of 42
cores (C) and 36 peripheries (P) through degradable linkages (L) and generations. The library was established via sequential reactions. First, amines (C) with a series
of N-H bonds reacted quantitatively and selectively with the less steric acrylate groups of AEMA (L). The products (C-L) then quantitatively reacted with various
thiols (P) under optimized DMPP-catalyzed conditions. (B) Dendrimers were independently modulated with chemically diverse amines and thiols. Selected amines
were divided into two categories: ionizable amines (1A-6A) to tune RNA binding from C that generated one to six branched dendrimers, and alkyl amines (1H-2H) to
tune NP C stabilization. Alkyl thiols (SC1-SC19) and alcohol/carboxylic acid terminated thiols (SO1-SO9) were selected to tune NP P stabilization. Aminothiols
(SN1-SN11) were selected to tune P RNA binding. G2-G4 higher generation dendrimers with multiple branches were also synthesized using generation expansion
reactions. Reproduced from Ref. (24) with kind permission by the National Academy of Sciences.

One study that illustrates this vision comes from Zaver
Bhujwalla’s group at Johns Hopkins University (25). The authors
developed a PSMA-targeted nanoplex platform for theranostic
imaging of prostate cancer. The therapeutic nanoplex was
designed to deliver siRNA against choline kinase (Chk) along
with a prodrug (5-fluorocytosine; 5-FC). Importantly, the nano-
plex contained multimodal imaging reporters that permitted
the assessment of its accumulation in tumors and its therapeutic
effect manifested as siRNA-mediated down-regulation of Chk
and the conversion of the prodrug 5-FC to the cytotoxic drug
5-FU. Specifically, SPECT/CT of mice bearing PC3-PIP and
PC3-Flu tumors revealed a significantly higher uptake of the
targeted nanoplex in PSMA-overexpressing PC3-PIP tumors
compared to PC3-Flu tumors (Figure 4A). To assess the efficacy
of siRNA-Chk to downregulate Chk, the authors acquired in vivo
1H MRSI of PC3-PIP tumors 48 h after administration of the
nanoplex. As shown in Figure 4B, there was a significant decrease
of the total choline signal that consists of free choline, PC, and
glycerophosphocholine. Moreover, by performing 19F MRS, the

authors observed the activity of the prodrug enzyme bCD, as it
converted the prodrug 5-FC to 5-FU (Figure 4C) (25).

In our own work, we have strived to incorporate imaging of
drug delivery as an indispensable companion to drug develop-
ment. We have extensively used dextran coated iron oxide nano-
particles as delivery vehicles for siRNA or antagomir therapeutics
to tumors (26-31).

Since these nanoparticles are easily detected by MRI, we have
utilized this modality to measure drug bioavailability in vivo.

A specific application is illustrated in Ref. (29). The study
described the testing of an imaging-capable nanodrug that
was designed to inhibit the pro-metastatic miRNA-10b. The
nanodrug’s physicochemistry was specifically optimized to reach
primary and metastatic tumor cells. Therapy was delivered to a
mouse model of metastatic breast cancer. During the course of
treatment, the animals were imaged by MRI in an attempt to fine-
tune the administration schedule and design of the nanodrug.
MRI revealed that the nanodrug was successfully delivered to the
tumors, as shown by the decrease in transverse relaxation time
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(Figure 5A). Quantitative analysis suggested a tendency toward
nanodrugbuild-up in the tissue after the second treatment session
(Figure 5B). These results illustrate a potentially useful applica-
tion of imaging, especially when the delivery vehicle is innately
imaging capable, as is the case for iron oxide nanoparticles. Such
capabilities could be essential when optimizing a modular nano-
carrier of this kind (29).

When the nanocarrier is not innately imaging-capable, it is
highly beneficial to apply protocols for modular labeling of the
nanocarrier with a radionuclide for nuclear imaging. This approach
is illustrated in a study by Thomas Reiner’s group at Memorial
Sloan-Kettering Cancer Center (32). The authors developed an
#Zr-based labeling strategy for liposomal nanoparticles that accu-
mulate in tumors via passive targeting mechanisms. Labeling was
accomplished either by click labeling (CLL) or surface chelation
(SCL), illustrating the versatility of the labeling process. PET/CT
imaging of the radiolabeled nanoparticles was performed on a
mouse model of breast cancer. Figure 6A shows a comparative *Zr
activity biodistribution in selected tissues after intravenous admin-
istration of the liposomes in mice bearing breast cancer xenografts.
PET/CT imaging with ®Zr-CLL at 2 h after injection showed
predominantly liver and spleen uptake. In contrast, *Zr-SCL PET
images at first showed high blood-pool activity and strong signals
from liver and spleen. At 24 h, the blood-pool signal was moderate
but tumor accumulation was higher (Figure 6B) (32).

The highlighted papers represent just a first step in the
direction of integrating imaging more closely with the process
of drug development and treatment planning. Given the need
to obtain concurrent information of therapeutic response and
drug delivery, it is likely that such approaches would involve a
dual-modality capability, most likely PET-MR or PET-CT. The
combination of these modalities is uniquely poised to obtain
quantitative co-registered information about tumor dynamics, as
a function of drug accumulation and could provide clues about
the failure of some therapies in a given patient from the stand-
point of drug delivery. On a broader scale, the introduction of this
methodology would greatly enrich the process of drug develop-
ment, which is currently hampered by a limited understanding of
patient-to-patient variability in terms of drug delivery.

FUTURE OUTLOOK

While exciting, the vision we outline may be criticized for being
unrealistic. A major impediment to the fulfillment of this vision
would likely be cost. It does not seem cost-effective to completely
elucidate the genetic profile of a given patient’s tumor, identify
causative therapeutic targets, and design oligonucleotide probes
that would normalize the tumor cell phenotype. It would also
not be cost-effective to diagnose and monitor each patient using
sophisticated imaging modalities at multiple time points during
therapy. Finally, the cost of synthesizing individualized drugs
may seem overwhelming. However, given the high degree of
trial-and-error empiricism that defines the current approaches,
itis likely that the cost of multiple ineffective treatments is equally
great not only in terms of money but, more importantly, in
terms of patient distress and treatment failure.

An additional important point is the clear need for technologi-
cal advancement before the vision of fully rational therapeutics
could be fulfilled. Areas that need development include the
following:

1. Complete elucidation of the genetic/epigenetic regulatory
pathways that lead to cancer, so that we functionally under-
stand the transcriptome of the cancer cell. This will allow us
to predict the complete array of phenotypic effects of targeting
a given gene/mRNA/or miRNA;

2. Design and validation of oligonucleotide probes that have
the highest specificity and no off-target effects using non-
empirical computational approaches;

3. Design and optimization of delivery vehicles for these oligo-
nucleotide probes based on target organ, desired circulation
half-life, need for no systemic toxicity, etc;

4. Development of standardized labeling protocols for image
guidance and the implementation of optimal imaging proto-
cols and instrumentation for a given modality.

Despite these issues, the vision of fully rational cancer
therapy inspires hope defined mostly by the promise of better
outcomes. Cancer is still largely an unaddressed health issue.
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FIGURE 5 | T2-weighted magnetic resonance imaging of MN-anti-miR10b accumulation in orthotopic MDA-MB-231-luc-D3H2LN tumors. (A) Representative
color-coded T2 maps before (left) and 24 h after (right) MN-anti-miR10b injection demonstrating a shortening of the T2 relaxation times of the tumors (outlined)
consistent with nanodrug accumulation. (B) Quantitative analysis of AR2 relaxation rates (1/T2 pre — 1/T2 post, ms) of the tumors, suggesting a tendency toward
build-up of the MN-anti-miR10b (p < 0.01, n = 12). Data are represented as mean + SD. Reproduced from Ref. (29) with kind permission by Nature Publishing
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FIGURE 6 | Modular labeling for in vivo positron emission tomography (PET)
imaging of tumor-homing nanoparticles. (A) Radioactivity distribution in
selected tissues of #Zr-SCL and #Zr-CLL. (B) PET/computerized
tomography (CT) imaging of #Zr-SCL: CT only (left), PET/CT fusion (middle),
and 3-dimensional rendering of PET/CT fusion (right) at 24 h after injection.
Reproduced from Ref. (32) with kind permission by the Society of Nuclear
Medicine and Molecular Imaging.

REFERENCES

1. Bennett CE, Swayze EE. RNA targeting therapeutics: molecular mecha-
nisms of antisense oligonucleotides as a therapeutic platform. Annu Rev
Pharmacol Toxicol (2010) 50:259-93. doi:10.1146/annurev.pharmtox.010909.
105654

2. Stein CA, Hansen JB, Lai J, Wu S, Voskresenskiy A, Hog A, et al. Efficient gene
silencing by delivery of locked nucleic acid antisense oligonucleotides, unas-
sisted by transfection reagents. Nucleic Acids Res (2010) 38(1):e3. doi:10.1093/
nar/gkp841

3. Kibler-Herzog L, Zon G, Uznanski B, Whittier G, Wilson WD. Duplex
stabilities of phosphorothioate, methylphosphonate, and RNA analogs of
two DNA 14-mers. Nucleic Acids Res (1991) 19(11):2979-86. doi:10.1093/
nar/19.11.2979

It remains the second most common cause of death in the US,
accounting for nearly one of every four deaths. As an example,
pancreatic cancer is a devastating diagnosis defined by a mere
2% 5-year survival when diagnosed at an advanced inoperable
stage, which defines 80% of the cases. Despite overall progress
in research, the prognosis for people with pancreatic cancer has
not improved in over 40 years. In light of the tremendous suf-
fering caused by this disease and the modest progress achieved
using standard treatments, it is clear that we need to explore
radical, transformative approaches for therapy. The vision
of fully rational drug design represents a hopeful step in that
direction.

AUTHOR CONTRIBUTIONS

ZM conceived of the ideas presented and drafted the review.
BY and A-MB drafted the sections detailing the highlighted
research papers and provided feedback on the discussion.

FUNDING

The study was supported under grant R0O1CA16346101A1 from
the National Cancer Institute to ZM. A-MB was supported
by the CaNCURE program. CaNCURE is a partnership between
Northeastern University and Dana-Farber/Harvard Cancer
Center funded by the National Cancer Institute.

4. Majlessi M, Nelson NC, Becker MM. Advantages of 2’-O-methyl oligori-
bonucleotide probes for detecting RNA targets. Nucleic Acids Res (1998)
26(9):2224-9. doi:10.1093/nar/26.9.2224

5. Rettig GR, Behlke MA. Progress toward in vivo use of siRNAs-II. Mol Ther
(2012) 20(3):483-512. doi:10.1038/mt.2011.263

6. Koshkin AA, Wengel J. Synthesis of novel 233’-linked bicyclic thymine ribonu-
cleosides. ] Org Chem (1998) 63(8):2778-81. doi:10.1021/§0972239¢

7. Fontenete S, Barros J, Madureira P, Figueiredo C, Wengel ], Azevedo NE Mismatch
discrimination in fluorescent in situ hybridization using different types of
nucleic acids. Appl Microbiol Biotechnol (2015) 99(9):3961-9. doi:10.1007/
500253-015-6389-4

8. Deleavey GF, Damha M]J. Designing chemically modified oligonucleotides
for targeted gene silencing. Chem Biol (2012) 19(8):937-54. doi:10.1016/j.
chembiol.2012.07.011

Frontiers in Oncology | www.frontiersin.org

10

December 2017 | Volume 7 | Article 310


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
https://doi.org/10.1146/annurev.pharmtox.010909.
105654
https://doi.org/10.1146/annurev.pharmtox.010909.
105654
https://doi.org/10.1093/nar/gkp841
https://doi.org/10.1093/nar/gkp841
https://doi.org/10.1093/nar/19.11.2979
https://doi.org/10.1093/nar/19.11.2979
https://doi.org/10.1093/nar/26.9.2224
https://doi.org/10.1038/mt.2011.263
https://doi.org/10.1021/jo972239c
https://doi.org/10.1007/
s00253-015-6389-4
https://doi.org/10.1007/
s00253-015-6389-4
https://doi.org/10.1016/j.chembiol.2012.07.011
https://doi.org/10.1016/j.chembiol.2012.07.011

Yoo et al.

Rational Drug Design

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Khvorova A, Watts JK. The chemical evolution of oligonucleotide thera-
pies of clinical utility. Nat Biotechnol (2017) 35(3):238-48. do0i:10.1038/
nbt.3765

Koch T, Shim I, Lindow M, Orum H, Bohr HG. Quantum mechanical studies
of DNA and LNA. Nucleic Acid Ther (2014) 24(2):139-48. doi:10.1089/
nat.2013.0465

Soutschek ], Akinc A, Bramlage B, Charisse K, Constien R, Donoghue M,
et al. Therapeutic silencing of an endogenous gene by systemic adminis-
tration of modified siRNAs. Nature (2004) 432(7014):173-8. d0i:10.1038/
nature03121

Judge AD, Sood V, Shaw JR, Fang D, McClintock K, MacLachlan I. Sequence-
dependent stimulation of the mammalian innate immune response by
synthetic siRNA. Nat Biotechnol (2005) 23(4):457-62. d0i:10.1038/nbt1081
Hornung V, Guenthner-Biller M, Bourquin C, Ablasser A, Schlee M,
Uematsu S, et al. Sequence-specific potent induction of IFN-a by short inter-
fering RNA in plasmacytoid dendritic cells through TLR7. Nat Med (2005)
11(3):263-70. d0i:10.1038/nm1191

Yoo B, Medarova Z. Nanoformulations for pharmacological siRNA delivery in
cancer. In: Bulte J, Modo M, editors. Design and Applications of Nanoparticles
in Biomedical Imaging. Switzerland: Springer International Publishing (2017).
p. 171-86.

Stylianopoulos T, Poh M-Z, Insin N, Bawendi MG, Fukumura D, Munn LL,
et al. Diffusion of particles in the extracellular matrix: the effect of repulsive
electrostatic interactions. Biophys ] (2010) 99(5):1342-9. doi:10.1016/j.
bpj.2010.06.016

Lin Q, Chen J, Zhang Z, Zheng G. Lipid-based nanoparticles in the sys-
temic delivery of siRNA. Nanomedicine (2014) 9(1):105-20. doi:10.2217/
nnm.13.192

Kanasty RL, Whitehead KA, Vegas AJ, Anderson DG. Action and reaction:
the biological response to siRNA and its delivery vehicles. Mol Ther (2012)
20(3):513-24. d0i:10.1038/mt.2011.294

Aird WC. Phenotypic heterogeneity of the endothelium I. Structure,
function, and mechanisms. Circ Res (2007) 100(2):158-73. doi:10.1161/01.
RES.0000255691.76142.4a

Wisse E, Jacobs F, Topal B, Frederik P, De Geest B. The size of endothelial
fenestrae in human liver sinusoids: implications for hepatocyte-directed gene
transfer. Gene Ther (2008) 15(17):1193-9. doi:10.1038/gt.2008.60

Choi HS, Liu W, Misra P, Tanaka E, Zimmer JP, Ipe B, et al. Renal clearance
of quantum dots. Nat Biotechnol (2007) 25(10):1165-70. doi:10.1038/nbt1340
Singh S, Sharma A, Robertson GP. Realizing the clinical potential of cancer
nanotechnology by minimizing toxicologic and targeted delivery concerns.
Cancer Res (2012) 72(22):5663-8. doi:10.1158/0008-5472.CAN-12-1527
Cabral H, Matsumoto Y, Mizuno K, Chen Q, Murakami M, Kimura M,
et al. Accumulation of sub-100 nm polymeric micelles in poorly permeable
tumours depends on size. Nat Nanotechnol (2011) 6(12):815-23. doi:10.1038/
nnano.2011.166

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Dahlman JE, Kauffman KJ, Xing Y, Shaw TE, Mir FE, Dlott CC, et al. Barcoded
nanoparticles for high throughput in vivo discovery of targeted thera-
peutics. Proc Natl Acad Sci U S A (2017) 114(8):2060-5. doi:10.1073/pnas.
1620874114

Zhou K, Nguyen LH, Miller JB, Yan Y, Kos P, Xiong H, et al. Modular degrad-
able dendrimers enable small RNAs to extend survival in an aggressive liver
cancer model. Proc Natl Acad Sci U S A (2016) 113(3):520-5. doi:10.1073/
pnas.1520756113

Chen Z, Penet MF, Nimmagadda S, Li C, Banerjee SR, Winnard PT Jr, et al.
PSMA-targeted theranostic nanoplex for prostate cancer therapy. ACS Nano
(2012) 6(9):7752-62. doi:10.1021/nn301725w

Ghosh SK, Yigit MV, Uchida M, Ross AW, Barteneva N, Moore A, et al.
Sequence-dependent combination therapy with doxorubicin and a survivin-
specific small interfering RNA nanodrug demonstrates efficacy in models of
adenocarcinoma. Int J Cancer (2014) 134(7):1758-66. doi:10.1002/ijc.28499
Medarova Z, Pham W, Farrar C, Petkova V, Moore A. In vivo imaging of siRNA
delivery and silencing in tumors. Nat Med (2007) 13(3):372-7. doi:10.1038/
nm1486

Kumar M, Yigit M, Dai G, Moore A, Medarova Z. Image-guided breast
tumor therapy using a small interfering RNA nanodrug. Cancer Res (2010)
70(19):7553-61. doi:10.1158/0008-5472.CAN-10-2070

Yigit MV, Ghosh SK, Kumar M, Petkova V, Kavishwar A, Moore A, et al.
Context-dependent differences in miR-10b breast oncogenesis can be
targeted for the prevention and arrest of lymph node metastasis. Oncogene
(2013) 32(12):1530-8. d0i:10.1038/0nc.2012.173

Yoo B, Kavishwar A, Ross A, Wang P, Tabassum DP, Polyak K, et al. Combining
miR-10b-targeted nanotherapy with low-dose doxorubicin elicits durable
regressions of metastatic breast cancer. Cancer Res (2015) 75(20):4407-15.
doi:10.1158/0008-5472.CAN-15-0888

Yoo B, Kavishwar A, Wang P, Ross A, Pantazopoulos P, Dudley M, et al.
Therapy targeted to the metastatic niche is effective in a model of stage IV
breast cancer. Sci Rep (2017) 7:45060. doi:10.1038/srep45060

Perez-Medina C, Abdel-Atti D, Zhang Y, Longo VA, Irwin CP, Binderup T, et al.
A modular labeling strategy for in vivo PET and near-infrared fluorescence
imaging of nanoparticle tumor targeting. ] Nucl Med (2014) 55(10):1706-11.
doi:10.2967/jnumed.114.141861

Conflict of Interest Statement: ZM is Founder, Director, and Scientific Advisory
Board Member of TransCode Therapeutics, Inc.

Copyright © 2017 Yoo, Billig and Medarova. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

1"

December 2017 | Volume 7 | Article 310


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
https://doi.org/10.1038/
nbt.3765
https://doi.org/10.1038/
nbt.3765
https://doi.org/10.1089/nat.2013.0465
https://doi.org/10.1089/nat.2013.0465
https://doi.org/10.1038/
nature03121
https://doi.org/10.1038/
nature03121
https://doi.org/10.1038/nbt1081
https://doi.org/10.1038/nm1191
https://doi.org/10.1016/j.bpj.2010.06.016
https://doi.org/10.1016/j.bpj.2010.06.016
https://doi.org/10.2217/
nnm.13.192
https://doi.org/10.2217/
nnm.13.192
https://doi.org/10.1038/mt.2011.294
https://doi.org/10.1161/01.RES.0000255691.76142.4a
https://doi.org/10.1161/01.RES.0000255691.76142.4a
https://doi.org/10.1038/gt.2008.60
https://doi.org/10.1038/
nbt1340
https://doi.org/10.1158/0008-5472.CAN-12-1527
https://doi.org/10.1038/nnano.2011.166
https://doi.org/10.1038/nnano.2011.166
https://doi.org/10.1073/pnas.1620874114
https://doi.org/10.1073/pnas.1620874114
https://doi.org/10.1073/pnas.1520756113
https://doi.org/10.1073/pnas.1520756113
https://doi.org/10.1021/nn301725w
https://doi.org/10.1002/ijc.28499
https://doi.org/10.1038/nm1486
https://doi.org/10.1038/nm1486
https://doi.org/10.1158/0008-5472.CAN-10-2070
https://doi.org/10.1038/onc.2012.173
https://doi.org/10.1158/0008-5472.CAN-15-0888
https://doi.org/10.1038/srep45060
https://doi.org/10.2967/jnumed.114.141861
http://creativecommons.org/licenses/by/4.0/

',\' frontiers
in Oncology

REVIEW
published: 22 December 2017
doi: 10.3389/fonc.2017.00314

OPEN ACCESS

Edited by:

Marie-France Penet,
Johns Hopkins University,
United States

Reviewed by:

Luigi Aloj,

Cambridge University Hospitals
NHS Foundation Trust,

United Kingdom

Laurence Gluch,

The Strathfield Breast Centre,
Australia

*Correspondence:
Hisataka Kobayashi
kobayash@mail.nih.gov

Specialty section:

This article was submitted
to Cancer Imaging

and Diagnosis,

a section of the journal
Frontiers in Oncology

Received: 27 October 2017
Accepted: 05 December 2017
Published: 22 December 2017

Citation:

Nagaya T, Nakamura YA, Choyke PL

and Kobayashi H (2017)
Fluorescence-Guided Surgery.
Front. Oncol. 7:314.

doi: 10.3389/fonc.2017.00314

®

Check for
updates

Fluorescence-Guided Surgery

Tadanobu Nagaya, Yu A. Nakamura, Peter L. Choyke and Hisataka Kobayashi*

Molecular Imaging Program, Center for Cancer Research, National Cancer Institute, National Institutes of Health,
Bethesda, MD, United States

Surgical resection of cancer remains an important treatment modality. Despite advances
in preoperative imaging, surgery itself is primarily guided by the surgeon’s ability to locate
pathology with conventional white light imaging. Fluorescence-guided surgery (FGS) can
be used to define tumor location and margins during the procedure. Intraoperative visu-
alization of tumors may not only allow more complete resections but also improve safety
by avoiding unnecessary damage to normal tissue which can also reduce operative
time and decrease the need for second-look surgeries. A number of new FGS imaging
probes have recently been developed, complementing a small but useful number of
existing probes. In this review, we describe current and new fluorescent probes that may
assist FGS.

Keywords: fluorescence-guided surgery, activatable probe, monoclonal antibodies, molecular imaging,
always-on probe

INTRODUCTION

Surgery is a primary mode of treatment for many malignancies. For example, 63-98% of patients
with lung, breast, bladder, and colorectal cancer will undergo surgery (1). The goal of surgery is
to safely remove as much cancer as possible. The degree to which cancer is removed relates closely
to prognosis. However, the ability to resect tumor currently relies on the visual localization of the
tumor and/or the ability to palpate it. The former is limited by the low contrast between tumors
and background tissue and many small tumors may be missed. Moreover, the determination of
tumor margins must often be done blindly followed by frozen section pathologic analysis.

The presence of residual tumor cells after resection is considered a strong predictor of tumor
recurrence and, therefore, survival. Many studies show that positive margins, defined as the iden-
tification of tumor cells at the cut edge of a surgical specimen, are associated with increased local
recurrence and indicate a poor prognosis in most cancer types including head and neck cancers (2),
breast cancer (3, 4), non-small-cell lung cancer (5), colorectal cancer (6), bladder cancer (7), and
prostate cancer (8). Despite advances in preoperative imaging such as computerized tomography
(CT), magnetic resonance imaging (MRI), and positron emission tomography, surgical margin
positivity rate has not changed significantly over the past several decades (9), with margin positivity
rates of 15-60% across all cancers (10-16). Currently, the standard of care for achieving negative

Abbreviations: AAA, abdominal aortic aneurysm; ALA, aminolevulinic acid; ADC, antibody-drug-conjugate; APC,
antibody-photo-absorber conjugate; CA, carbohydrate antigen; CABG, coronary artery bypass grafting; CEA, carcinoem-
bryonic antigen; CT, computerized tomography; epidermal growth factor receptor; FDA, Food and Drug Administration;
FGS, fluorescence-guided surgery; FITC, fluorescein isothiocyanate; FLARE, fluorescence-assisted resection and exploration;
FRET, Foster (fluorescence) resonance energy transfer; gGlu, y-glutamyl; GGT, y-glutamyltransferase; H-dimer, homo-dimers;
HLA, hexaminolevulinate; HMRG, hydroxymethyl rhodamine green; ICG, indocyanine green; mAb, monoclonal antibodies;
MB, methylene blue; MMP, matrix metalloproteinase; MRI, magnetic resonance imaging; NDA, New Drug Application, NIR,
near-infrared; PET, positron emission tomography; PeT, photon induced electron transfer; PIT, photoimmunotherapy; Pp,
protoporphyrin; PSMA, prostate-specific membrane antigen; SLN, sentinel lymph node; TBR, target-to-background ratio;
VEGE, vascular endothelial growth factor.
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margins rests on visual inspection, palpation, and intraoperative
histopathological analysis of frozen tumor margins all of which
have severe limitations. The naked eye is limited in its ability
to detect small tumors. Palpation is limited in sensitivity and is
increasingly not used due to the increased utilization of robotic
laparoscopic surgery. Intraoperative frozen section analysis is
limited to certain tissue types, is time-consuming, and is prone
to sampling error. Frozen section analysis is discrepant with
permanent pathology in 5-15% of cases (17).

A number of non-optical imaging methods have been pro-
posed during surgery. Typically, these methods are not targeted
to the tumor per se but rely on anatomic abnormalities to define
the tumor. For instance, intraoperative CT and MRI have played
a significant role in the field of neurosurgical image guidance
(18-20). However, intraoperative systems are costly, complex and
require space. Moreover, their use interrupts the normal work-
flow of the surgical procedure lengthening operative/anesthesia
times. These methods are, mainly used for neurosurgery at major
medical centers.

Therefore, practical methods for augmenting the surgeon’s
ability to resect tumors are needed. One such method is
fluorescence-guided surgery (FGS). The first use of fluorescence
imaging in surgery dates back to 1948 when surgeons used
intravenous fluorescein to enhance intracranial neoplasms dur-
ing neurosurgery (21). Since then, additional fluorescent agents
have been used for a variety of surgical applications (22-24).
Intraoperative fluorescence imaging offers the benefits of high
contrast and sensitivity, low cost, absence of ionizing radiation,
ease of use, safety, and high specificity (25, 26). Compared with
standard unaided vision using white light imaging, real-time flu-
orescence imaging is helpful in identifying cancerous tissue and
delineating tumor margins. Moreover, improved visualization of
the cancer can reduce damage to important normal structures
such as nerves, blood vessels, ureters, and bile ducts.

In this review article, we focus on the currently used Food
and Drug Administration (FDA)-approved fluorescent probes
and new types of fluorescence imaging probes for FGS that are
under development.

CURRENT FGS

The exponential growth in the field of FGS is demonstrated by
the number of published articles in the field, which has grown
from under 50/year in 1995, to nearly 500/year in 2015 (27).
Furthermore, FGS has enjoyed a number of preliminary successes
(23, 28) and some FGS techniques have already achieved clini-
cal success (29). FGS may improve tumor resection rates while
minimizing normal tissue resection (9, 30, 31). This can translate
into improved clinical outcomes.

Compared to expensive traditional imaging methods, optical
methods are less costly and require less space. One cost estimate
of the fluorescence-assisted resection and exploration (FLARE)
system is 120,000 USD and 40,000 USD for the mini-FLARE
(32, 33). Of course, this does not include the cost of the opti-
cal probe itself but the overall costs are much lower than with
conventional imaging. Moreover, because it is portable a single
instrument could be shared among multiple operating rooms.

Fluorescence-guided surgery has been currently used for
multiple surgical situations, including sentinel lymph node (SLN)
mapping, identification of solid tumors, lymphography, angiog-
raphy, and anatomical imaging during surgery. Importantly, FGS
can be used seamlessly during the procedure without interrupt-
ing the surgeon’s workflow. This integrates FGS into the surgery
creating numerous opportunities for its use. We summarize

current clinical and preclinical FGS techniques in Table 1.

TABLE 1 | Current clinical and preclinical fluorescence-guided surgery

techniques.
Application Types Contrast agent Status
Sentinel lymph  Breast cancer Indocyanine green (ICG) Clinical
node mapping (84-37)
Methylene blue (MB) (38, 39)  Clinical
Melanoma ICG (40, 41) Clinical
Head and neck ICG (42) Clinical
cancer
Lung cancer ICG (43) Clinical
Esophagus cancer  ICG (44, 45) Clinical
Gastric cancer ICG (46, 47) Clinical
Colorectal cancer ICG (48) Clinical
Anal cancer ICG (49) Clinical
Prostate cancer ICG (50-52) Clinical
Penile cancer ICG (51, 52) Clinical
Lymphography  Lymph flow ICG (53-55) Clinical
Angiography Cerebral aneurysm  Fluorescein sodium (56-58)  Clinical
Coronary artery ICG (59, 60) Clinical
bypass grafting
Abdominal aortic ICG (61) Clinical
aneurysm
Abdominal surgery  ICG (62, 63) Clinical
Reconstructive ICG (64-70) Clinical
surgery
Anatomic Cholangiography ICG (71, 72) Clinical
imaging
Pancreas MB (73) Preclinical
T700-F (74) Preclinical
Ureters MB (75) Preclinical
Nerves Various fluorescently labeled  Preclinical
peptide (NP) (76, 77)
Parathyroid and T700 and T800 fluorophores  Preclinical
thyroid grands (78)
Endocrine grands ~ Various near-infrared Preclinical
fluorophores (79-81)
Tumor imaging  Malignant glioma 5-ALA (82-86) Clinical
Fluorescein sodium (87-89)  Clinical
BLZ-100 (90) Clinical
GB119 (91) Preclinical
Brain metastases Fluorescein sodium (92, 93)  Clinical
Head and neck IRDye800CW conjugate Clinical
cancer (94, 95)
IRDye700DX conjugate (96)  Clinical
Hepatocellular ICG (97-100) Clinical
carcinoma
Liver metastases ICG (99) Clinical
Breast cancer MB (101) Clinical
EC17 (102) Clinical
IRDye800CW conjugate Clinical
(102)
LUMO15 (103) Clinical
AVB-620 (104) Clinical
(Continued)
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TABLE 1 | Continued

Application Types Contrast agent Status
Lung and chest ICG (105) Clinical
masses Folate-fluorescein Clinical

isothiocyanate (FITC) (106)

EC17 (107) Clinical

OTL38 (108) Clinical
Qvarian cancer ICG (109) Clinical

Folate-FITC (28) Clinical

EC17 (110) Clinical

OTL38 (111) Clinical

gGlu-HMRG (112) Preclinical
Pancreatic cancer ~ Green fluorophore conjugate  Preclinical

(113, 114)

IRDye800CW conjugate Preclinical

(102)
Insulinoma MB (73) Preclinical
Solitary fibrous MB (115) Preclinical
tumor (pancreas)
Renal cell EC17 (116) Clinical
carcinoma

OTL38 (102) Clinical
Bladder cancer 5-ALA/HAL (117-120) Clinical
Prostate cancer ICG conjugate (121) Preclinical

5-ALA (122) Clinical
Gastric cancer ICG (123-125) Clinical
Colorectal cancer Green fluorophore conjugate  Preclinical

(113)

IRDye800CW conjugate Clinical

(126)

gGlu-HMRG (127) Preclinical
Basal cell 5-ALA (128) Clinical
carcinoma

GB119 (129) Preclinical
Sarcoma LUMO15 (103) Clinical
Parathyroid MB (130) Clinical
adenoma

Laparoscopic-  Nephrectomy ICG (131) Clinical

and robotic-

assisted

surgeries
Cholecystectomy ICG (72, 132) Clinical
Esophagectomy ICG (133) Clinical
Gastrectomy ICG (134) Clinical
Adrenalectomy ICG (135, 136) Clinical

Fluorescence Brain aneurysm ICG (137-139) Clinical

endoscopy
Endonasal surgery  ICG (140-142) Clinical
Angiography ICG (142, 143) Clinical
Brain tumor ICG (140, 144, 145) Clinical
Head and Neck ICG (146) Clinical
tumor
Gastric cancer ICG (123-125) Clinical

Marking tumor  Colonic tattooing ICG (147-149) Clinical

CLINICALLY AVAILABLE FLUORESCENCE
IMAGING

There has been an explosion of interest in FGS, which has led
to a steady demand for new fluorescence imaging devices and
probes. Currently, most FGS imaging has been performed with
the Novadaq SPY system which was the first to be approved by
FDA in 2005; however, several new fluorescence imaging sys-
tems have subsequently been approved by the FDA as shown in
Table 2. These systems are approved for a variety of procedures
including imaging blood flow, tissue perfusion, and circulation
in free flaps, plastic surgery, and reconstructive surgery. These
systems are portable making their positioning within a room
completely customizeable to the situation. Hand-held cameras
of PDE and Fluobeam, for instance, possess the advantage of
being compact and convenient for real-time fluorescence imag-
ing. Other cameras such as Quest Spectrum and VS3 Iridium
simultaneously show the white light image and the fluorescent
probe image overlay which reduces distractions for the surgeon
(150, 151). In the field of breast oncology, the SPY system
has been applied to monitor skin perfusion in nipple-sparing
mastectomies using ICG as the imaging probe. This method
can guide the location of mastectomy incisions and minimize
ischemic complications (152).

A successful device should be able to display RGB white light
imaging, fluorescence imaging, and overlay imaging. The device
should be capable of quantitating the light intensity to the extent
possible. Quantitation permits FGS to be used in multicenter
trials and allows comparison at different time points in the same
patient. Further investigations are needed to establish reliable
quantitative analyses of fluorescent imaging.

CURRENT CLINICAL USE OF
FLUORESCENCE IMAGING PROBES

Biomedical fluorescence imaging operates in wavelengths in
the visible spectrum (400-700 nm), extending into the near
infrared (NIR) spectrum (700-900 nm). A large number of
commercially available fluorophores are available; however, few
are clinically approved. While the majority of fluorescent probes
emit light in the visible range, this is probably the least desirable
part of the spectrum due to overlap with tissue autofluorescence
and high absorbance of light in tissue in the visible spectrum.
NIR fluorophores are better suited for in vivo imaging. While,
wavelengths below 700 nm are strongly absorbed in tissue by

TABLE 2 | Clinically available Food and Drug Administration-approved fluorescence imaging systems.

Imaging system Company Excitation Light Working Field of Real-time
wavelength(s) (nm) source distance (cm) view (cm) overlay
SPY Novadaq Technologies 805 Laser ~30 19 x 14 No
PDE Hamamatsu Photonics 760 LED ~20 5x5t010x6.7 No
Fluobeam 700 (800) Fluoptics Minatec 680 (750) Laser 16~ 25 22x15t020x 14 No
Quest Spectrum Quest Medical Imaging 400-1,000 Laser 5~ 2.25 x 2.25 (5 cm distance) Yes
VS3 Iridium system VisionSense 805 Laser ~30 19x 14 Yes
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endogenous molecules, such as hemoglobin and myoglobin,
wavelengths above 900 nm are limited by water and lipid absorp-
tion wavelengths (153-155). Fluorophores emitting light <700 or
>900 nm are, therefore, limited in their ability to penetrate tissue
(156). The “NIR window” from 700 to 900 nm arises from less
absorbance in tissues, allowing for deeper imaging and detection
(153, 154). Thus, fluorophores in the NIR range have excellent
potential for FGS. Fluorescence imaging using NIR fluorophores
enhances cancer surgery navigation and offers higher sensitiv-
ity when compared to preoperative imaging, visual inspection,
and palpation during surgery (157). Next, we will focus on the
currently used fluorescence imaging probes in surgical oncology
(Table 3).

Indocyanine Green (ICG)

Currently, ICG is one of the most frequently employed NIR
fluorophores used for FGS. ICG is a water-soluble, anionic,
amphiphilic tricarbocyanine probe with a molecular weight of
776 Da (158, 159), which rapidly binds to plasma proteins in
the body. The excitation peak is 780 nm and the emission peak
is at 820 nm, which places outside the range of most tissue
autofluorescence. ICG was first produced in 1955 by the Kodak
Research Laboratories, and in 1959 it was approved by the FDA
for retinal angiography. Historically, it has been clinically used to
measure cardiac output (160), hepatic function (161), and retinal
angiography (162).

Throughout its history, ICG has maintained a high safety
index (25, 163, 164), as the number of allergic reactions is very
low (1:10,000, as reported by manufacturer) (165). ICG also
allows multiple repeated uses due to its short half-life of 150 to
180 s and is cleared exclusively by the liver (166).

Near infrared ICG-guided SNL mapping has been performed
in various cancers as shown in Table 1. ICG has also been used
for lymphography (167), angiography (61, 168), reconstructive
surgery (65, 67), cholangiography (71) and tumor imaging (99),
and so on. The use of ICG for delineating tumors has been a
success. For instance, ICG fluorescence imaging identified 100%
of primary hepatocellular carcinomas (HCCs) and in 40% of the
cases also identified additional, small (3—-6 mm) HCCs that would
otherwise have gone undetected (98).

TABLE 3 | Currently used Food and Drug Administration-approved fluorescence

probes.
Fluorescence probe Excitation Emission Fluorescence type
Indocyanine green 780 nm 820 nm Indocyanin green
Methylene blue (MB) 670 nm 690 nm MB
5-Aminolevulinic acid 380-440 nm 620 nm Porphyrin
(5-ALA) (alkaline pH)

634 nm (acid

pH)
Fluorescein sodium 494 nm 512 nm Fluorescein
Folate 495 nm 520 nm Fluorescein

(folate-FITC) (folate-FITC) isothiocyanate
(FITC)

IRDye800CW conjugate 775 nm 796 nm IRDye800
IRDye700DX conjugate 680 nm 687 nm IRDye700
Activatable probes Various Various Various

Methylene Blue (MB)

Methylene blue is a heterocyclic aromatic compound with a
molecular weight of 320 Da (51). It is a FDA-approved visible
(dark blue) contrast agent. When sufficiently diluted, MB acts as
anear-infrared fluorescent dye that operates within the NIR opti-
cal window with an absorption peak at 670 nm and an emission
peak at 690 nm and is naturally excreted through the urine (51).
MB was the first entirely synthetic drug used in medicine and was
used in the treatment of malaria as early as 1891 by Guttmann
and Ehrlich (169). MB continues to be applied and investigated
as treatment for a variety of medical applications in the clinical
setting, including methemoglobinemias and ifosfamide-induced
encephalopathy (170, 171). MB has also been used to identify
breast cancer (101) and neuroendocrine tumors (73), and is com-
monly used for SLN mapping (38, 39), as well as the identifica-
tion of urologic tumors (51, 52) and tumors in the parathyroid
glands (130).

Methylene blue is known to be relatively safe; however, the
use of MB can potentially lead to cardiac arrhythmias, coronary
vasoconstriction, decreased cardiac output, decreased renal blood
flow and mesenteric blood flow, and increased pulmonary vascu-
lar pressure (172). Although MB accumulates in most tumors,
the amount of accumulation varies with tumor type. Therefore,
dye concentration appropriately matched to each tumor type is
required (38).

5-Aminolevulinic Acid (5-ALA)

5-ALA is the major substrate for protoporphyrin synthesis, and
has been used clinically for tumor detection and tumor treatment
(photodynamic therapy; PDT), as a FDA-approved substance.
5-ALA, typically administered in a topical or oral form, induces
synthesis and accumulation of the fluorescent molecule protopor-
phyrin IX (PpIX) in epithelia and neoplastic tissues (83, 85, 86).
5-ALA-induced PpIX exhibits multiple physiochemical states
depending on the microenvironment. One of the most impor-
tant parameters affecting the state of PpIX is pH. In the pH
range 3 to 11.5, there are two distinct states: emission peaks at
620 nm in alkaline environments and emission peaks at 634 nm
in acidic environments after excitation with visible blue light of
380-440 nm (173, 174).

Cancer specific FGS with 5-ALA has been successfully imple-
mented for resection of malignant gliomas in Europe after studies
clearly demonstrated clinical benefits with regards to completeness
of tumor removal (65% complete resection with 5-ALA compared
to 36% in the white light group) and progression-free survival
with its use (83). 5-ALA and derivatives have also been described
in bladder cancer (117, 118, 120) and prostate cancer (122).

The use of 5-ALA has been limited by its relatively high costs,
and an inconvenient method of administration (it is administered
orally some hours before it is to be used). The high risk of skin
sensitization within 24 h after the operation (the patient should
not be exposed to sunlight or strong artificial light) also presents
a challenge to its use (175).

Fluorescein Sodium
Fluorescein sodium is a fluorescent drug that can be used intra-
venously to improve visualization of brain tumor tissue based
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primarily on non-specific vascular leakage. It is also used for
retinal angiography (56-58). Fluorescein sodium is a sodium salt
and an organic fluorescent dye with peak excitation at 494 nm and
peak emission at 512 nm. It has been safely used in humans for
many years, predominantly in ophthalmology for retinal angiog-
raphy, and the cost of fluorescein sodium is relatively low when
compared with the cost of 5-ALA (176). Fluorescein sodium
is usually visible to the naked eye at high dosages (20 mg/kg
body weight), and is observable through the yellow 560 nm filter
at lower doses, allowing better tissue discrimination with more
natural colors (177, 178).

The use of fluorescein sodium for the identification of intrac-
ranial tumors has been known since 1947 (179). As an FGS
agent, fluorescein sodium has been commonly used for iden-
tifying glioblastoma (88) and metastatic brain tumors (92, 93).
It has also been used for intracranial angiography (56-58).

NEW FLUORESCENCE IMAGING PROBES

The ideal fluorescence imaging probe must provide excellent
contrast between the tumor or affected lymph node and healthy
tissue (180). Therefore, a current challenge is to design fluores-
cent imaging probes with high selectivity for tumors, high tumor
to background ratios, and minimal toxicity (155).

Current clinical studies are based on contrast agents that
have already been approved. The most often used fluorophores
are blood pool agents (including ICG) that have no inherent
specificity for tumor or normal tissues, and thus are not ideal
fluorophores for FGS. A number of new agents are currently
being investigated, including several dyes from the cyanine
family, such as Cy5.5, Cy7, Cy7.5, IR-dyes, nanoparticle formula-
tions, and visible spectrum dyes (181). Most research focuses on
increasing the availability of novel, fluorescently labeled agents to
identify crucial landmarks, such as tumor margins, lymph nodes,
and vital structures of interest to surgeons. A new generation of
agents that target-specific antigens have been based on antibodies
(113, 182, 183), nanobodies (184), aptamers, and peptides (77).
Other approaches make use of enzymes for fluorescence activa-
tion (185-189).

In the following sections, we summarize progress made in
several specific targeted optical imaging agents for FGS.

Folate-Targeted FGS

The Folate receptor is commonly upregulated on tumor cells and,
therefore, is a good candidate for a general-purpose fluorescently
labeled, targeted agent. An example is folate fluorescein iso-
thiocyanate (folate-FITC) that excites at a wavelength of 495 nm
and emits at 520 nm (190). Folate and these folate analogs are
internalized in the cell via receptor-mediated endocytosis within
2 h (191). Once inside the endosome, the conjugate remains
intact and can, therefore, remain fluorescent after internaliza-
tion (191, 192). This stability led to the development of a broad
variety of folate-targeted conjugates. van Dam et al. used a folate
fluorescein isothiocyanate to identify tumor implants in ovarian
cancer patients who were undergoing abdominal surgery (28).
Lung adenocarcinoma is also known to express high levels of
folate receptor a (193, 194). This was exploited by Okusanya et al.

who demonstrated that lung adenocarcinomas demonstrated
fluorescence in 92% (46/50) of patients with folate-FITC (106).
Another folate analog, EC17, was also used for imaging renal
cell carcinoma, although only two of four cancers were detected
(116). In another study using EC17 for intraoperative detection of
ovarian cancer, Tummers et al. showed that the addition of FGS
resulted in al6% increase in the resection of malignant tumors
when compared to visual inspection and palpation (110). Of
course, the clinical significance of this increase is still uncertain.
Another folate analog, OTL38, has been used to delineate renal
cell carcinoma margins during partial nephrectomy (102), and
to identify ovarian cancer (111). Hoogstins et al. also reported
that OTL38 accumulated in folate receptor a-positive tumors and
metastases in 12 patients with ovarian cancer, enabling the sur-
geon to resect an additional 29% of malignant lesions that were
not identified by inspection and/or palpation (111). Recently,
both EC17 and OTL38 were also used for intraoperative lung
tumor imaging (107, 108). Like all targeted agents, folate-FITC
is restricted to use only in tumors over expressing folate receptor
and, by virtue of the visible light emitted by FITC, the agent has a
limited depth penetration.

Monoclonal Antibody-Based Fluorescent

Probes

Perhaps the most generalizable FGS probes are based on mono-
clonal antibodies (mAb) conjugated to a fluorescent dye. There
are at least two scenarios in which mAb-based fluorescent
probes could become clinically useful. One is in fluorescence-
guided navigation to aid surgeons in detecting tiny lesions and
determining the margin between cancer and normal tissue.
Another is in selecting patients whose cancer cells express a suf-
ficient amount of target to enable molecularly targeted therapies
such as antibody-drug conjugates or antibody-photo-absorber
conjugates.

Promising preclinical examples of targeted fluorescently labe-
led probes include anti carcinoembryonic antigen in pancreatic
cancer and colorectal cancer conjugated to a green fluorophore
(113), anti carbohydrate antigen 19-9 in pancreatic cancer conju-
gated to a green fluorophore (114), epidermal growth factor recep-
tor (EGFR) and EGER type2 (HER2) in breast cancer (195-197)
and prostate-specific membrane antigen (PSMA) in prostate
cancer conjugated to ICG (121). Most mAb-based fluorescent
probes are designed for systemic administration. Compared to
other routes of administration, such as oral or intra-tumoral
injection, systemic administration allows for more homogeneous
microdistribution. Moreover, systemic administration allows for
sufficient washout time to elapse, to allow for the elimination of
non-specific fluorescence from the blood and the urinary tract
(22). In contrast to intra-tumoral injection, systemic administra-
tion also allows the detection of previously unrecognized tumor
foci or metastases.

Few of these mAb-based fluorescent probes have progressed
into clinical testing. One that did, a first-in-human clinical trial of
fluorescence-guided navigation to aid surgery in head and neck
cancers is currently underway. This trial utilizes the anti-EGFR
antibody conjugate, cetuximab-IRDye800CW for use in head and
neck cancers (94, 95). In this trial, Rosenthal et al. demonstrated
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that the EGFR mAb-fluorophore conjugate was both safe and
effective. The target-to-background ratio (TBR) achieved in this
study (mean TBR of 5.2 in the highest dose range) improved the
accuracy of surgical decision-making (95). Recently, cetuximab-
IRDye800CW or bevacizumab-IRDye800CW (targeting vascular
endothelial growth factor)-have also been in clinical trials target-
ing pancreatic adenocarcinoma, colon cancer, and breast cancer
(102, 126). It was noted that the conjugation of the IRDye800CW
significantly shortened the circulating half-life of cetuximab
despite a low antibody-to-dye conjugation ratio (approximately
1) (95). Rapid clearance of mAb-dye conjugates can help lower
the background signal; however, it can simultaneously compro-
mise tumor accumulation. Taken together, these alterations could
lower the overall performance of the agent.

Another exciting advancement with potential implications for
FGS is a technique called “near infrared photoimmunotherapy”
(NIR-PIT) (96). NIR-PIT is based on an antibody that targets a
cell-surface antigen but is conjugated to a photoabsorbing dye
(IRDye700DX) that has both fluorescent characteristics and the
ability to damage cells to which it has conjugated. Thus, NIR-PIT
has the dual ability to localize tumors and as well as selectively
eliminate cancer cells. The cytotoxic effects of NIR-PIT are
observed only when the mAb-IR700 conjugate is bound to recep-
tors on the cell membrane; no phototoxicity is observed when the
conjugate is present but not yet bound (96). Therefore, NIR-PIT
achieves highly selected targeted cancer cell killing. NIR-PIT has
been shown to be effective in a variety of different cancer cell
types exhibiting a range of surface antigens such as EGFR, CD20,
mesothelin, and PSMA (198-202). Furthermore, a first-in-
human phase 2 trial of NIR-PIT in patients with inoperable head
and neck cancer was recently completed and the agent is being
commercialized. NIR-PIT has great potential as a new cancer
treatment for many tumor types when combined with FGS.

These fluorescence imaging probes, including IRDye700DX
and IRDye800CW, typically result in an “always-on” type of
fluorescence signal. Therefore, fluorescence in the cancer tissues
is roughly related to the amount of conjugated mAb bound to the
tumor. By showing sufficient expression of target molecules, acti-
vatable fluorescent probes would be useful for selecting eligible
patients who could be efficiently treated with FGS.

Activatable Fluorescent Probes

Based on pharmacokinetics, the “perfect” in vivo targeting agent
has not yet been developed. The fundamental disadvantage of
“always-on” probes is that they emit signal regardless of their
proximity or interaction with the target tissues. As a result, there
is considerable background signal to contend with. In order to
design superior molecular imaging probes, one seeks to either
(1) maximize signal from the target, (2) minimize signal from the
background, or (3) do both. All lead to improved TBR, which, in
turn, improves the sensitivity and specificity for detecting tumors
with imaging (203).

Activatablefluorescentprobes (“smartprobes”) target tumor
cells by taking advantage of the physiologic differences between
cancerous and normal cells, thus enhancing tumor margin
detection (204). Because activatable probes do not emit signals
beforeengagingthetarget,unbound probesdonotyieldasignal.

Therefore, there is less background signal to compromise the
sensitivity and specificity, yielding an absolute increase in TBR
(205). Consequently, compared with “always-on” fluorescent
probes, activatable fluorescent probes have a higher TBR (203).
Preclinical studies have shown the merits of this approach
(206-208). For example, when employing the antibody as a
platform for activatable imaging probes, IgG-based activat-
able probes typically yield both the highest signal (due to high
binding) as well as highest TBR (due to absent background
signal) compared with “always-on” probes (203, 209, 210)
(Figure 1).

There are two basic types of activatable fluorescent probes
(Figure 2) (203, 207, 211). One type is enzyme reactive activatable
fluorescent probe, which exist in the quenched state until they
are activated by enzymatic cleavage mostly outside of the cells
(212, 213) (Figure 2). Well known targeted enzymes are cathesp-
sin, matrix metalloproteinases (MMP), y-glutamyltransferase
(GGT), and beta-galactosidases. Some of enzyme reactive
activatable fluorescent probes can be topically or locally applied.

Another type of activatable fluorescent probe is molecular-
binding activatable fluorescent probes, which are quenched
until activated in targeted cells by endolysosomal processing
(Figure 2). Within the lysosome, catabolism can occur under
conditions such as low pH, protease activity, or oxidation, which

Always-ON Activatable

ICG
anti-HER2 antibody

anti-HER2 antibody

FIGURE 1 | Comparison of molecularly targeted fluorescent probes using
always-on and activatable fluorescence strategies. Radiolabeled trastuzumab
targeting HER2 with always-on fluorophores depicts both bound and
unbound agents (left and right tumors) resulting in poor target-to-background
ratio (TBR). In contrast, the activatable fluorescent probe, indocyanine green
(ICG)-labeled trastuzumab, depicts only HER2-expressing tumors (right
tumor) without incurring background signal resulting in superior TBR.
Reprinted from publication (210) with permission from Elsevier.
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FIGURE 2 | A schematic explanation of the two types of activatable
fluorescence probes. The fluorescence activation of molecularly targeted
activatable probes occurs intracellularly (left), whereas enzyme reactive
activation typically occurs in the extracellular environment (right). Reprinted
with permission from Ref. (203). Copyright 2011 American Chemical Society.

can release the fluorophore from its quenched state. For example,
a pH-activatable fluorescent probe produces light only in tumors
due to their acidic microenvironment, resulting in high TBR
whereas control “always-on” probes produce lower TBR due to
higher background signal (Figure 3) (155, 214). This type of
activatable fluorescent probe is administered systematically via
intravenous injection.

There are advantages and disadvantages to both methods. In
enzymatic activation, a single target enzyme can activate many
different fluorescent molecules, thus amplifying the signal from
the target tissue. However, a disadvantage of enzymatic activation
is that the activation occurs in the extracellular space and the
enzyme may diffuse away from the target contributing to back-
ground signal. Furthermore, this type of probe lacks specificity
because none of the currently utilized enzymes for fluorescence
activation are specific for carcinogenesis. In contrast, probes that
are activated by endolysosomal processing, are highly specific for
cancer and generally remain localized to the target as activation
relies upon the probe binding specific cell-surface receptors
and being internalized. However, molecular-binding of specific
activatable fluorescent probes requires a biological and catabolic
process to gain sufficient TBR. Targeted activatable fluorescent
probes need to first leak from the vasculature, bind target cells,
and then internalize within the target cell to activate the probe.
The activation process often requires days, which decreases
their practicality for routine clinical use (214). Novel activatable
fluorescent probes targeting additional physiologic character-
istics of cancer cells, such as degradation of the micelle, thiol
concentration, surface lectins, and antibody binding, are also
currently in development (159, 207, 211, 215-218). Translating

these activatable fluorescent probes into clinical studies could
significantly increase the number and quality of intraoperative
imaging tools available during cancer excision.

Activatable fluorescent probes vary greatly by the mecha-
nism by which fluorescence is quenched. The best known
quenching mechanism is Foster (fluorescence) resonance
energy transfer (FRET), wherein energy from one fluorophore
is transferred to another molecule when the two molecules are
in close (<10 nm) proximity. The FRET pair can consist of two
fluorophores (self-quenching) or a fluorophore and a quencher
molecule (203, 219). Homo-dimer (H or J-dimer) formation
is other method of quenching. For instance, xanthene deriva-
tives are known to form H-dimers at higher concentrations
(~mM) which induces shifts of absorbance spectra, completely
quenching fluorescence (195, 203). Fundamental to both FRET
and H-dimer formation is the inter-fluorophore processing
that occurs when the two molecules are in proximity to each
other.

Another quenching mechanism, photon induced electron
transfer (PeT) occurs when an electron is transfered from the PeT
donor to the excited fluorophore diminishing the fluorescence
signal. When the PeT donor is cleaved from the fluorophore
or inactivated, activation occurs. Unlike FRET and H-dimer
formation, PeT occurs within a single fluorophore molecule and
does not require the presence of a second fluorophore (203, 220).
The PeT mechanism has a particularly high dequench:quench
light ratio.

Yet another mechanism of dequenching is to hold two fluoro-
phores in close proximity to each other using a peptide backbone.
In the presence of an enzyme the peptide backbone is cleaved
releasing and activating the fluorophores.

The first activatable fluorescent probe to be tested in clinical
trials was LUMO15. The activation of LUMO15 relied on cleavage
by a cathepsin protease, an enzyme commonly overexpressed
by tumors (221). LUMO15 is optically inactive under normal
conditions, but upon proteolytic cleavage, a covalently attached
quencher molecule is released and fluorescence signal greatly
intensifies (103). It was first evaluated by Whitley et al. in a
cohort of 15 patients with breast cancer or soft-tissue sarcoma
(103). Intravenous injection of this protease-activated fluo-
rescent imaging probe before surgery was well tolerated, and
imaging of resected human tissues showed that fluorescence
from the tumor was significantly higher than fluorescence from
normal tissues (103).

Recently, several other mechanisms have been tested.
A quenched activatable cell-penetrating peptide, AVB-620 was
tested in a first-in-human clinical trial in which 27 breast cancer
patients received the infusion followed by surgical excision.
Infusion of AVB-620 was safe and improved intraoperative cancer
detection (104). Another new approach is to use peptide conju-
gated to ICG. In this case the agent, BLZ-100, uses chlorotoxin
(36-amino acid peptide) as the targeting moiety and conjugates it
to ICG. This agent has been used for glioma imaging (90).

Sprayable Activatable Fluorescent Probes
In many cases, the dequenching process takes hours to days
making it problematic for integration into surgical workflows.
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FIGURE 3 | In vivo tumor detection with targeted activatable fluorescent probes in a HER2-positive lung metastasis model mice. The pH-activatable fluorescent
probe produces light only in tumors in the lung. However, the control “always-on” probe produces fluorescent signal from both tumors and normal lung and heart
reducing the tumor to background ratio. Reprinted with permission from Ref. (155). Copyright 2010 American Chemical Society.

‘ “Acidic pH Activatable’
PP-Herceptin) | (DIEtNBDP-Herceptin)

For instance, activatable probes using cathepsin D and MMP2/9
(222, 223), should be systemically injected at least a day before
the surgery to be delivered to cancer and fully activated because
of multiple cleavage sites. However, the kinetics of some other
enzyme reactive probes is much faster especially when activated
by a single cleavage. Therefore, such enzymatically activatable
fluorescent probes can be so fast as to be used as needed during
a surgical procedure. For instance, Urano et al. developed the
activatable fluorescent probe, y-glutamyl hydroxymethyl rho-
damine green (gGlu-HMRG). The gGlu-HMRG is completely
quenched by spirocyclic caging, but is activated rapidly with a
one-step enzymatic reaction in the presence of GGT which is
often present on cell membranes of cervical and ovarian cancer
cells. As a result, this probe activates within 10 min of it being
sprayed on. In a mouse model of human ovarian cancer, Urano
et al. sprayed the abdominal cavity with the gGlu-HMRG probe
and demonstrated that small tumor nodules could be visualized

within 10 min after administration and remained labeled for at
least 1 h (Figure 4) (112). Mitsunaga et al. used gGlu-HMRG
during colonoscopy to differentiate long-term colitis from early
colitis-associated cancer in a mouse colon cancer mouse model.
They were able to visualize cancers and dysplasia 5-30 min after
spraying gGlu-HMRG on the colon surface. Moreover, signal
from cancer/dysplasia was 10 times higher than background
fluorescence despite the presence of colitis (127). gGlu-HMRG
probe has recently been tested in fresh human surgical specimens
of colorectal tumor (224) and breast cancer (225) for detecting
tumor borders and metastatic lymph nodes as a precursor to it
being introduced in clinical trials. Similarly, these probes revealed
that topical administration of the agent on aspirated specimens
from patients with pancreatic tumors resulted in tumor-specific
enhancement (226).

Other sprayable activatable probes are in development. These
are activated by enzymes by a single cleavage such as cathepsin
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_10min___ 60 min

FIGURE 4 | Spectral fluorescence images of four peritoneal ovarian cancers using gGlu-HMRG. In vivo fluorescence intensity of a sprayable probe. By 10 and
60 min after intraperitoneal gGlu-HMRG administration each of four peritoneal ovarian tumor models: SHIN3, OVCAR4, OVCAR5, and OVCARS were evaluated.
Yellow arrowheads indicate tumor location. Scale bar, 1 cm. Reprinted from publication (112) with permission from AAAS.

(91, 129), beta-galactosidase (227), endo-aminopeptidases (228),
and NADPH (229).

The various types of recently developed activatable fluorescent
probes tend to be superior to always-on probes; however, their
safety in patients is yet to be determined. Given the relatively
small market, bringing such agents thru the approval process to a
New Drug Application will be challenging.

SUMMARY

The limits of white light imaging during surgical and endoscopic
procedures are well known. It is acknowledged that current
optical methods tend to have insufficient sensitivity for small
tumors and do poorly at determining tumor margins. Targeted
fluorescence imaging can provide additional information that
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augments the ability of the operator to see and treat pathol-
ogy, thus lowering the rate of persistent or recurrent disease.
FGS, because of its high sensitivity, low cost, portability and
real-time capabilities, has great potential to improve surgical
outcomes. Not only can this approach direct intraoperative
image guidance for surgical margin assessments but can also
help surgeons detect microscopic tumors or residual lesions
that may have otherwise been missed. In addition, anatomical
fluorescence imaging techniques can aid in avoiding complica-
tions in various surgical situations. Despite the availability of
these technologies, most surgeons still rely largely on visual and
tactile cues combined with presurgical radiologic imaging to
guide tissue resection.

As techniques continue to improve, FGS will move toward
the concept of “precision surgical therapy?” It is possible that FGS
will be personally designed for each patient’s specific disease
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Confocal laser endomicroscopy (CLE) is an advanced optical fluorescence imaging
technology that has potential to increase intracperative precision, extend resection, and
tailor surgery for malignant invasive brain tumors because of its subcellular dimension
resolution. Despite its promising diagnostic potential, interpreting the gray tone fluore-
scence images can be difficult for untrained users. CLE images can be distorted by
motion artifacts, fluorescence signals out of detector dynamic range, or may be
obscured by red blood cells, and thus interpreted as nondiagnostic (ND). However, just
a single CLE image with a detectable pathognomonic histological tissue signature can
suffice for intraoperative diagnosis. Dealing with the abundance of images from CLE is
not unlike sifting through a myriad of genes, proteins, or other structural or metabolic
markers to find something of commonality or uniqueness in cancer that might indicate
a potential treatment scheme or target. In this review, we provide a detailed description
of bioinformatical analysis methodology of CLE images that begins to assist the neuro-
surgeon and pathologist to rapidly connect on-the-fly intraoperative imaging, pathology,
and surgical observation into a conclusionary system within the concept of theranostics.
We present an overview and discuss deep learning models for automatic detection of
the diagnostic CLE images and discuss various training regimes and ensemble modeling
effect on power of deep learning predictive models. Two major approaches reviewed in
this paper include the models that can automatically classify CLE images into diagnostic/
ND, glioma/nonglioma, tumor/injury/normal categories, and models that can localize
histological features on the CLE images using weakly supervised methods. We also
briefly review advances in the deep learning approaches used for CLE image analysis
in other organs. Significant advances in speed and precision of automated diagnostic
frame selection would augment the diagnostic potential of CLE, improve operative
workflow, and integration into brain tumor surgery. Such technology and bioinformatics
analytics lend themselves to improved precision, personalization, and theranostics in
brain tumor treatment.

Keywords: brain neoplasm, brain tumor imaging, cancer, confocal laser endomicroscopy, convolutional neural
networks, deep learning, fluorescence, theranostics
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INTRODUCTION

According to the American Cancer Society (1), in 2018 nearly
24,000 patients will be diagnosed with brain or other nervous
system cancer and about 17,000 patients will die of the disease.
Gliomas represent about 25% of all primary brain tumors and
about 80% of all malignant tumors of the central nervous system
(2). Over half of gliomas are glioblastoma multiforme (GBM),
which is the most malignant primary brain tumor. GBMs are
infiltrative and normally lack a clear margin making complete
resection nearly impossible. Maximal resection of gliomas has
been associated with improved prognosis (3, 4), although inva-
sion and the bounds of functional cortex often limit extensive
removal. Currently, technology for extending the limits of the
tumor resection relies on intraoperative image-guided surgical
navigation platforms, intraoperative magnetic resonance imaging
(MRI), and intraoperative ultrasound (5). Wide-field fluore-
scence illumination through the operative microscope has been
utilized more recently in an attempt identify the margins of
infiltrating tumors (6).

Regardless of the means for identifying the tumor margin,
examining tissue samples during surgery is paramount, especially
for neurosurgery. Rapid intraoperative assessment of tumor tis-
sue remains key for planning the treatment and for guiding the
surgeon to areas of suspected tumor tissue during the operation,
or planning adjunct intraoperative or post-operative therapy. The
standard for the preliminary intraoperative histopathological
interpretation is frozen section biopsy. However, the frozen sec-
tion biopsy method has inherent complications such as sampling
error, tissue freezing and cutting artifacts, lack of immediate
pathologist interactivity with the surgeon, time spent for tissue
delivery, processing, and analysis reporting back to the operating
room (7, 8).

Handheld (i.e., size of a pen), portable confocal laser endomi-
croscopy (CLE) is undergoing exploration in brain tumor surgery
because of its ability to produce precise histopathological infor-
mation of tissue with subcellular resolution in vivo in real-time
during tumor resection (8-13). CLE is a fluorescence imaging
technology that is used with a combination with fluorescent
drugs or probes. While a wide range of fluorophores have been
used for CLE in gastroenterology and other medical specialties,
fluorophore options are limited for in vivo human brain use due
to potential toxicity (8, 9, 11, 14). Fluorescent dyes currently
approved for use in vivo in the human brain include fluorescein
sodium (FNa), indocyanine green, and 5-aminolevulinic acid
(5-ALA) (9, 15, 16). Other fluorescent dyes, such as acridine
orange, acriflavine (AF), and cresyl violet, can be used on human
brain tissue ex vivo (12, 17). In neurosurgical oncology, CLE has
been used to rapidly obtain optical cellular and cytoarchitectural
information about tumor tissue as the resection progresses and
to interrogate the resection cavity (12, 13). The details of system
operation have been previously described in detail (8, 12, 13, 18).
Briefly, the neurosurgeon may hold the CLE probe by the hand,
fixate it with a flexible instrument holder in place, or may glide
the probe across the tissue surface to obtain an “optical biopsy”
with an image acquisition speed ranging between 0.8 and 20
frames per second dependent on operation of the particular CLE

system. The surgeon may place the probe in a resting position
at any time and proceed with the tumor resection, then take up
the probe conveniently as desired. CLE imaging is believed to be
potentially advantageous for appraisal of tumor margin regions
or to examine suspected invasion into functional cortex near
the final phases of tumor resection. The images display on a
touchscreen monitor attached to the system. The neurosurgeon
uses a foot pedal module to control depth of scanning and image
acquisition. An assistant can also control the acquisition of
images using a touchscreen. CLE images can be processed and
presented as still images, digital video loops showing motion, or
three-dimensional digital imaging volumes. CLE is a promising
technology with the strategy to optimize or maximally increase
the resection of malignant infiltrating brain tumors and/or to
increase the positive yield of tissue biopsy. CLE may be of especial
value during surgery when interrogating tissue at the tumor bor-
der regions or within the surgical resection bed that may harbor
remnant malignant or spreading tumor.

Cancer is the subject of intense investigation into how thera-
nostics may improve care and survival. As oncology is continu-
ally refined in its quest to understand and treat malignant brain
tumors, such as GBMs, with which it has had very little success,
utilization of precision and personalized surgical techniques
would seem to be a logical step forward, especially as tumor
resection is usually the first definitive treatment step. Dealing with
the abundance of images from CLE is not unlike sifting through
a myriad of genes, proteins, or other structural or metabolic
markers to find something of commonality or uniqueness in
cancer that might indicate a potential treatment scheme or target.
CLE data acquisition is vast, burdened with a near-overwhelming
number of images, many of which appear not useful at first
inspection, although they may have unrecognized informative
image subregions or characteristics. Mathematical algorithms
and computer-based technology may rapidly assist making deci-
sions upon an incredible number of images, such as CLE pro-
duces, that has never been encountered in neurosurgery.

Critical success in theranostics relies on the analytical method.
Finding meaning can be elusive, and what may seem at first
meaningful may only be superficial or even a spurious result, thus
the analytical methodology is critical. In this review, we provide
a detailed description of bioinformatical analysis methodol-
ogy of CLE images that begins to assist the neurosurgeon and
pathologist to rapidly connect on-the-fly intraoperative imaging,
pathology, and surgical observation into a conclusionary system
within the concept of theranostics. We describe methodology
of deep convolutional neural networks (DCNNs) applied to
CLE imaging focusing on neurosurgical application and review
current modeling outcomes, elaborating and discussing studies
aiming to suggest a more precise and tailored surgical approach
and workflow for brain tumor surgery.

DEMANDING IMAGING INFORMATION
LOAD OF CLE

Although the number of non-diagnostic CLE images has been
shown to be high, the first diagnostic frames were acquired at
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an average after the 14th frame (about 17 s) in vivo (12). This is
certainly faster than for an intraoperative frozen section biopsy
preparation and diagnostic interpretation. Nevertheless, the high
number of non-diagnostic images imposed a significant time
requirement and image storage load for subsequent image reviews,
leading us and other groups to employ deep learning algori-
thms and neural networks that could potentially sort out non-
diagnostic frames, while retaining only the diagnostic ones (19, 20).
Attempts to use advanced feature coding schemes to classify
cellular CLE images of brain tumor samples stained ex vivo with
AF have been reported (21). Advantageously, acquired CLE
images may be exchanged and translated for off-site digital histo-
pathology review. However, large amounts of data may create an
information overload that requires novel solutions for data CLE
management and storage.

While CLE has obvious benefits of rapid on-the-fly digital
imaging of tissue that can obviate long wait times for tissue inter-
pretation and be quickly communicated between surgeons and
pathologists, there are challenges to manage the amount of infor-
mation provided. Current CLE systems can generate hundreds to
thousands of images over the course of examination of the tumor
or resection cavity which may take only a few minutes. It has been
estimated that since CLE technology was put into use in 2011
for gastrointestinal (GI) diagnosis, over 100 million images have
been created, with 30 million images created in the past year (22).
The number of images may become rapidly overwhelming for the
neurosurgeon and neuropathologist when trying to review and
select a diagnostic or meaningful image or group of images as
the surgical inspection progresses. CLE is designed to be used in
real-time while the surgeon operates on the brain, but overcoming
the barriers of image selection for diagnosis is a key component
for making CLE a practical and advantageous technology for the
neurosurgical operating room.

Other barriers for revealing underlying meaningful histology
are motion and blood artifacts (especially) that are present in
some of the CLE images, especially for CLE systems functioning
in the blue laser range versus near-infrared (8, 9, 12, 23, 24). In
addition, the neuropathologist must begin to work in a world of
fluorescence images showing shades of gray, black, and white or
artificial colorization, where before natural colored stains existed.
The display of suboptimal nondiagnostic (ND) frames interferes
with the selection of and focuses upon diagnostic images by the
neurosurgeon and pathologist throughout the surgery to make
a correct intraoperative interpretation. A previous study of CLE
in human brain tumor surgeries found that about half of the
acquired images were interpreted as nonuseful (i.e., ND) due
to an inherent nature of the handheld microscopic probe with a
narrow field of view that is subject to motion and blood artifacts
or lack of discernible or characteristic features of the tissue itself
(12). These artifacts or inherent aspects of operation of the probe
include unsteady hand movements, moving the probe while in
imaging mode across the tissue surface, and irregularities of the
tissue surface such as a tumor resection bed in the cortex that
includes tissue crevices, surface irregularities, bleeding, move-
ment of the cortex with arterial pressure and respiration, etc.

Thus, although imaging is acquired on-the-fly, an image dis-
crimination system to optimally sift out and identify useful

images would substantially improve the performance of the CLE.
Manually filtering out the ND images before making an intra-
operative decision is challenging due to the large number of
images acquired, the novel and frequently unfamiliar appearance
of fluorescent stained tissue features compared with conven-
tional histology. Interpretation of fluorescence CLE images for
routine clinical pathology has only recently been trained and
studied. Great variability among images from the same tumor
type, and potential similarity between images from other tumor
types for the untrained interpreter (Figure 1) make simple image
filters and thresholding unreliable, thus requiring advanced com-
putational methods.

THERANOSTICS AND CLE

Investigations into cancer genetics have produced treatment
pathways by the application of bioinformatics methods leading
to the concept of theranostics. As advances in molecular science
have enabled “fingerprinting” of individual tumor with genomic
and proteomic profiling, personalized theranostic agents can be
developed to target-specific tumor microenvironment compart-
ments (26). Although theranostic imaging provides new oppor-
tunities for personalized cancer treatment through the interface
of chemistry, molecular biology, and imaging, quantitative image
analysis remains as one of its challenges (27). More sophisticated
image analysis methods are required to visualize and target every
aspect of the tumor microenvironment in combination with
molecular agents (28). CLE technology potentially allows a more
personalized, precise, or tailored approach to the surgical proce-
dure to remove an invasive brain tumor because of its capability
to image at cell resolution intraoperatively on-the-fly. Fluorescent
stains or markers allow the imaging and potential targeting of
cells—nearly we are at the surgery of the “cell” as specific stains
or fluorescent markers are developed. Whether this technology
has practicality or yields survival benefit for malignant invasive
brain tumors awaits the results of the first substantial in vivo
explorations.

DEEP LEARNING APPLICATION IN CLE
BRAIN TUMOR DIAGNOSTICS

Deep convolutional neural networks are a subset of “deep learn-
ing” technology, a machine learning subfield that has achieved
immense recognition in the field of medical image analysis.
Advances in computer-aided detection and diagnosis (CADx)
systems in ultrasound, MRI, and computed tomography have
been reviewed previously (29). There have been only a few
studies that investigated deep learning application to enhance
the diagnostic utility of CLE imaging in brain tumors. The utili-
zation of deep learning approaches is mainly focused around
three goals: diagnostic image detection, tumor classification, and
feature localization originating from image segmentation. Here,
we provide an overview of the basics of a deep learning metho-
dology applicable to CLE images, summarize current results of
brain tumor CLE image analysis using DCNNSs, and juxtapose
these with related works in other cancers.
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FIGURE 1 | Representative confocal laser endomicroscopy (CLE) images from glioma and meningioma acquired with Optiscan 5.1, Optiscan Pty., Ltd. (A)
anaplastic oligodendroglioma, (B) recurrent astrocytoma, (C) glioblastoma multiforme, (D) fibrous meningioma (grade 1), (E) chordoid meningioma (grade ll), and (F)
atypical meningioma (grade Il). Field of view = 475 pm x 475 um, resolution = 1,024 pixels x 1,024 pixels, bar = 100 pm. [Glioblastomas are a brain malignancy of
astrocytic cell origin, show wild pleomorphism, proliferation of abnormal tumor-associated vasculature, necrosis, and vast brain invasion. Meningiomas arise from
meningothelial cells and are usually attached to the dura. Although of a common origin, meningiomas have histological pattern subtypes and more aggressive types
show atypical or anaplastic features. They do not display malignant brain infiltration (25)].

A DCNN consists of several layers, each having multiple units
called feature maps (30). The first layer includes the input images
that will be analyzed. To produce the second layer’s feature maps,
each pixel of layer 2 is connected to a local patch of pixels in layer
1 through a filter bank followed by an activation function, which
is usually a rectified linear unit because of its fast-to-compute
property compared with other functions (31). Model parameters
are learned by minimizing the loss (the error between model
prediction and the ground truth) using an optimization algori-
thm in two steps: forward and backward propagations (32, 33).
To adjust the weights of filter banks, after each iteration of forward
propagating the network, the derivatives of the loss function with
respect to different weights are calculated to update the weights
in a backward propagation (33). A pooling layer accumulates the
features in a smaller region by replacing windows of a feature
map with their maximum or the average value. By stacking sev-
eral convolutional, pooling, and fully connected layers, a DCNN
can learn a hierarchy of visual representations to recognize class-
specific features in images (30). Figure 2 shows an example
network architecture and how the feature maps are calculated to
perform diagnostic brain tumor image classification.

The validity of recommendations resulted from the DCNN
analysis greatly depends upon the ground truth established by
the expert professional. Unlike other conventional surgical tissue
examination modalities like hematoxylin and eosin (H&E)-
stained histopathological slides, the CLE images are novel to
neuropathologists and neurosurgeons. Since the beginning of
CLE investigation in brain tumor surgery, the ground truth was
established by surgical biopsy and subsequent standard histo-
pathology analysis acquired from the same location as the CLE

“optical biopsy” and correlating the features on CLE images to the
histopathological sections. Neuropathologists and neurosurgeons
at a few select centers are correlating CLE features to histopathol-
ogy in order to establish an expertise in reading CLE images, and
such investigations are ongoing (10, 12, 18). The experience in
CLE image interpretation is imperative for meaningful DCNN
analysis. However, as described later, delving deeper into the
DCNN analysis of the CLE while using ground truth established
by the standard histopathology, results in identification of novel
CLE features and allows many more images that may be termed
suboptimal to in fact become useful. The improvement in
workflow and diagnostics, and thus theranostics in CLE, will be
dependent on robust computer learning architecture.

Tumor Classification

One of the first deep learning approaches for making a diagnosis
of a brain tumor type based on the CLE images was a cascaded
deep decision network (DDN), a type of DCNN (35). A network
was trained for classification of glioma and meningioma images
using their previously proposed multistage DDN architecture (36)
for developing the model. The training process was as follows:
LeNet, a relatively shallow CNN architecture initially proposed
by LeCun et al. (37) for handwritten digit recognition, was trained
on the training dataset until it produced descent classification
results on validation images. Then, the images were divided into
two categories: easy images (classified correctly by the model
with high confidence) and challenging images (classified either
wrongly or even correctly yet with a low confidence). The chal-
lenging images were passed to the next stage for retraining. In
the second stage, a convolutional stage and two fully connected
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FIGURE 2 | Deep convolutional neural network (DCNN) architecture. A schematic diagram of AlexNet (34), a DCNN architecture that was trained on CLE images for
diagnostic classification by Izadyyazdanabadi et al. (20), is shown in panel (A). CONV1—CONV5 are the first five convolutional layers and FC6 and FC7 are the fully
connected layers 6 and 7. Different feature maps of the first convolutional layer (color images) were calculated by convolving different filters (red squares) with the

corresponding regions of the input image [illustrated in panel (B)].

layers and a softmax layer were stacked to the previous network
and trained, while freezing the previous layers’ parameters. After
training the second stage on the challenging images from stage 1,
the same process was repeated (finding confidence threshold,
filtering the easy images, passing the challenging images to next
stage, stacking the new layers to the previous network) until the
model fails to improve on the validation dataset. After removing
uninformative images using image entropy, a dataset was created
of about 14,000 GBM and 12,000 meningioma images. The final
proposed DDN could classify the GBM images with 86% accu-
racy while outperforming other methods such as SVM classifier
applied on manual feature extraction, pretrained networks, and
shallow CNNs (36).

We have previously developed an architecture to classify CLE
images from experimental brain gliomas into three classes: tumor
tissue, injured brain cortex tissue (no tumor), and normal brain
cortical tissue (38). This study was undertaken to examine the
ability of CLE image analysis to discriminate between tumor
tissue, tissue subjected to the minor tissue trauma that surgical
resection produces, and normal brain tissue. FNa may extravasate
in the first two situations potentially causing surgeon confusion.
This classification model was inspired by Inception, which is a
DCNN for classifying generic images (39). Due to the small size
of our training dataset (663 diagnostic images selected from 1,130
images acquired), we used fine-tuning to train the model with a
learning rate of 0.001. We used a nested left-out validation method
to estimate the model performance on images from new biopsies.

Images were divided into three data sets based on biopsy level:
training (n = 446), validation (n = 217), and test set (n = 40).
Model performance increased to 88% when images were classi-
fied using two classes only (tumor tissue or non-tumor tissue)
which was only slightly lower than the neuropathologists’ mean
accuracy (90%). The sensitivity and specificity of the model in
discriminating a tumor region from non-tumor tissue were 78
and 100%, respectively. The area under the ROC curve (AUC) value
for tumor/non-tumor tissue classification was 93%. Subgroup
analysis showed that the model could discriminate CLE images
from tumor and injury with 85% accuracy (mean of accuracy for
neuropathologists was 88%), 78% sensitivity, and 100% specificity.
We expect that performance of the model will be improved in
terms of accuracy and speed by going forth from a small experi-
mental data set to operation on large clinical data sets.

Diagnostic Image Classification

Entropy-based filtering is one of the simplest ways to filter out
non-diagnostic CLE images. In a study by Kamen et al. (21), CLE
images obtained from brain tumors were classified automatically.
An entropy-based approach was used to remove the noninforma-
tive images from their dataset and two common brain tumors
(meningioma and glioma) were differentiated using bag of words
(BoW) and other sparse coding methods. However, entropy
might not be an ideal method since many ND images have nearly
as high entropy as diagnostic ones, as shown in Figure 3. Due
to the large number of CLE images produced during surgery,
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FIGURE 3 | Entropy of diagnostic (orange) and nondiagnostic (ND) (blue) images. The overlap between the entropy of diagnostic and ND CLE frames limits its
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importance of data pruning, as has been shown in our previous
study (38), and the incompetency of entropy method, we devel-
oped a deep learning model for reliable classification of images
into diagnostic and non-diagnostic categories (20). A blinded
neuropathologist and two neurosurgeons proficient with CLE
image interpretation individually annotated all the images in our
dataset. For each patient, the histopathological features of cor-
responding CLE images and H&E-stained frozen and permanent
sections were reviewed and the diagnostic value of each image
was examined. When a CLE image revealed any clear identifiable
histopathological feature, it was labeled as diagnostic; otherwise,
it was labeled as ND (12). Table 1 provides the composition of
our dataset. We tested the developed diagnostic frame detection
models on 4,171 CLE images chosen from various patients iso-
lated during training.

Aiming to improve the diagnostic image classification method,
we then developed 42 new models, which included 30 single and
12 ensemble models using 2 network architectures, 3 training
regimes, and 2 ensemble methods (20). During training of each
single model, different sections of the dataset were used to reflect
the diversity of training data in the developed models’ knowledge.
We exercised various training regimes to investigate how “deep” the
training should be for CNNs applied to a CLE image classification
problem to produce optimal (i.e., diagnostically useful) results.
Depending on which layers of the network are being learned
through training, we had three regimes. In the deep training (DT)

TABLE 1 | The composition of our dataset in the diagnostic image
classification (20).

Development Test Total
No. of patients 59 15 74
No. of images 16,366 4,171 20,537
No. of diagnostic images 8,023 2,071 10,094
No. of nondiagnostic images 8,343 2,100 10,443

Number of patients and images used for model development and testing is provided.

regime, the whole model parameters were initialized randomly
(training from scratch) and were updated through training. In
the shallow fine-tuning (SFT) regime, the whole model weights,
except the last fully connected layer, were initialized with the
corresponding values from the pretrained model and their values
were fixed during training. The last fully connected layer was
initialized randomly and was tuned during training. In the deep
fine-tuning (DFT) regime, all model weights were initialized with
the corresponding values from the pretrained model and were
tuned with nonzero learning rates. Our cross validation showed
SFT and DFT experiments required 10 times smaller initial learn-
ing rates (0.001) compared with the DT regime (0.01). We also used
a dropout layer (ratio = 0.5) and L2 regularization (A = 0.005).
For this interobserver study, we created a validation review
dataset consisting of 540 images randomly chosen from the test
dataset in the second review. Two new neurosurgeons reviewed
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the validation review dataset without having access to the cor-
responding H&E-stained slides and labeled them as diagnostic
or ND. The ensemble of DCNN models for detecting diagnostic
CLE images achieved 85% agreement with the gold standard
defined by the trained expert with subsequent confirmation by
another independent observer (Figure 4), without considering
or comparison to the H&E slide images. In comparison, the two
trained neurosurgeons achieved 75 and 67% agreement with the
gold standard using only CLE images. These results indicated that
when only CLE images were provided, the model could detect
the diagnostic CLE images with better agreement to the H&E-
aided annotation. The example CLE images assessed with our
diagnostic analysis model are presented on Figure 5. In order
to compare the power of deep learning models with filtering
approaches used in other related studies, we used entropy as a
baseline (21, 35). Subsequent evaluation of our test dataset of
CLE images suggested that DCNN-based diagnostic evaluation
has a higher agreement with the ground truth compared with the
entropy-based quality assessment (Table 2).

Feature Localization and Image

Segmentation
Most of the current object localization studies in medical imag-
ing use supervised learning that requires an annotated dataset for

the training process. Physicians need to review the images and
mark the location of interesting areas for each image, thus mak-
ing it a costly and time-consuming process. Weakly supervised
localization (WSL) methods have been proposed in computer
vision to localize features using a weaker annotation, i.e., image-
level labels instead of pixel-level labels.

We have previously investigated feature localization on brain
tumor CLE images (20). Following the training and testing of
the DCNN model for diagnostic image classification, 8 of 384
reviewed colored neuron activation maps from the first layer of
the model were selected for 4 diagnostic CLE images represen-
tative for glioma. Selected activation maps highlighted diag-
nostic tissue architecture patterns in warm colors. Particularly,
selected maps emphasized regions of optimal image contrast, where
hypercellular and abnormal nuclear features could be identified,
and could serve as diagnostic features for image classification
(Figure 5, bottom row). In addition, a sliding window method
was successfully applied to highlight diagnostic aggregates of
abnormally large malignant glioma cells and atypically hyper-
cellular areas (20) (Figure 5). Such feature localization from the
hidden layers makes the interpretation of the model results more
illustrative and objective, especially from a clinical point of view
where diagnosis cannot be made without sufficient evidence. In
addition, model-based feature localization can be performed
considerably faster than human inspection and interpretation.

o
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FIGURE 4 | A schematic diagram of interobserver study. Gold standard was defined using the initial review and one of the secondary raters. The agreement of the

ensemble model as well as the other rater with the gold standard is calculated (20).
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resolution = 1,024 pixels x 1,024 pixels, bar = 100 ym.

FIGURE 5 | Unsupervised semantic localization of the CLE histopathological features (20). First row displays the original CLE images, along with the probability of
each image being diagnostic (D) and nondiagnostic (ND), estimated by the model. Red arrows mark the cellular regions recognized by a neurosurgeon. Second row
shows the corresponding activation of neurons from the first layer (conv1, neuron 24) (shallow features learned by the model); it highlights some of the cellular areas
(in warm colors) present in the images which were identified as diagnostic regions by the neurosurgeon reviewer. The color bars show the relative diagnostic value
for each color: red marks the most diagnostic regions (1.0) and blue marks the ND regions (0.0). Field of view = 475 pm x 475 pm,

TABLE 2 | Deep convolutional neural network (DCNN) and entropy-based
performance in diagnostic image classification (20).

Model Accuracy (%) Area under the ROC curve
DCNN 1 78.8 0.87
DCNN 2 81.8 0.89
Entropy-based 57.20 0.71

DCNN methods showed higher agreement with the neurosurgeons’ evaluation.
DCNNZ (39) has a deeper architecture with fewer parameters than DCNN1 (34).

In another study, we applied a state-of-the-art WSL approach
(40) to localize glioma tumor features in CLE images (41). In
this method, a global average pooling layer was stacked to the
convolutional layers of the network to create diagnostic feature
maps. Representative localization and segmentation results are
shown in Figures 6 and 7. A neurosurgeon with expertise in
CLE imaging identified and highlighted the cellular areas in
each CLE image (first column of both figures). By inserting the
images and their labels (i.e., overall diagnostic quality: diagnostic
and ND) to the network, the model automatically learns the
primary diagnostic features of gliomas (e.g., cellular areas). In
Figure 6, the first column shows three CLE images along with
the annotated diagnostic areas (red arrows) by a neurosurgeon,
while the second column presents the diagnostic areas that the
model highlighted with warm colors. The color bar near to each
intensity map shows the relative diagnostic value for each color—
red marks the most diagnostic regions and blue marks the ND
regions. In Figure 7, after producing the diagnostic feature maps,
each image was then segmented into diagnostic and ND regions
by thresholding (highlighted in green and purple); the recog-
nized diagnostic regions correlated well with the neurosurgeon’s

annotation. This method has two potential benefits: (1) improve-
ment of the efficiency of glioma CLE imaging by recognizing the
present diagnostic features and guiding the surgeon in tumor
resection and (2) further investigation of the detected diagnostic
regions may extend the physicians perceptions about the glioma
appearance and its phenotypes in CLE images.

DEEP LEARNING-EMPOWERED CLE
DIAGNOSTICS IN OTHER CANCERS

Oral Squamous Cell Carcinoma (OSCC)
Oral squamous cell carcinoma is a common cancer affecting 1.3
million cases worldwide annually (42). Because of the insuffi-
cient precision in current screening methods, most OSCC cases
are unfortunately diagnosed at advanced stages leading to poor
clinical outcome. CLE has allowed in vivo examination of OSCC
which may lead to earlier and more effective therapeutic outcomes
during examination (43). In a study by Aubreville et al. (44), a
CNN was trained to classify normal and carcinogenic CLE image
patches. A dataset of 11,000 CLE images was evenly distributed
between the two classes. The images were acquired from 12 patients
and images with artifact (motion, noise, mucus, or blood) were
excluded, leading to 7,894 good quality images. Consequently,
each image was divided into 21 overlapping patches, all of which
were labeled the same as the whole image. The artifact patches
were removed from images and the remaining ones were normal-
ized to have zero mean and unit SD. Image rotation was used to
augment the image dataset size.

LeNet was used to train the model for patch classification.
This network has only two convolutional and one fully connected
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FIGURE 6 | Histological glioma feature localization with a weakly supervised
approach: global average pooling (41). (A,C,E) Left column shows CLE
images from glioma cases [(A,C) recurrent infiltrating astrocytoma

(E) oligodendroglioma]. Red arrows mark the cellular regions recognized

by a neurosurgeon. (B,D,F) Second column shows the important regions
detected with the model (highlighted in warm colors). The color bars show
the relative diagnostic value for each color: red marks the most diagnostic
regions (1.0) and blue marks the nondiagnostic regions (0.0). Field of

view = 475 pm x 475 pm, resolution = 1,024 pixels x 1,024 pixels,

bar = 100 pm.

layers with drop out. The model combined the probability scores
from each constituent patch as being carcinogenic to arrive at the
final prediction for the whole image. The network was trained
from scratch with initial learning rate of 0.001 and Adam opti-
mizer to minimize the cross-entropy.

To compare the proposed method with conventional
textural feature-based classification approaches, two feature
extraction methods [gray-level co-occurrence matrix (GLCM)
and local binary patterns (LBP)] and a classification approach
[random forest (RF)] methods were combined to discriminate
images at two scales (1.0X and 0.5X). Furthermore, CNN
transfer learning was explored by SFT the last fully connected
layer of the pretrained Inception-v3 network (45), using the
original dataset. For cross validation, a leave-one-patient-out
cross validation was followed, meaning images were used from
one patient for testing the model and the remaining cases for
training the model.

FIGURE 7 | Diagnostic image segmentation in CLE images of gliomas with
global average pooling approach (41). First column (A,C,E) shows the
original diagnostic images from glioma cases [(A) recurrent glioblastoma
multiforme, (C) recurrent infiltrating astrocytoma, and (E) anaplastic
oligodendrogliomal]. Red arrows mark the cellular regions recognized

by a neurosurgeon. (B,D,F) Second column shows the segmented key
features highlighted in purple. Field of view = 475 ym x 475 pm,

resolution = 1,024 pixels x 1,024 pixels, bar = 100 pym.

Both the patch-based and whole image CNN approaches
outperformed the textural feature extraction and classification
methods. The proposed CNN method could differentiate the
normal and carcinogenic CLE images with 88% accuracy, 87%
sensitivity, and 90% specificity when applied at 0.5 scale (the
1x scale produced suboptimal results). The shallow fine-tuned
Inception-v3 model could also achieve 87% accuracy, 91% sen-
sitivity, and 84% specificity. The AUC values for the two methods (the
proposed CNN and Inception-v3) were roughly similar (95%).
The AUC values for feature extraction methods and RF classifier
was significantly lower than CNN methods (RF-GLCM = 81%,
RF-LBP = 89%). Interestingly, the trained model on OSCC CLE
images was successfully applied for classification of CLE images
from a different organ site, vocal cord squamous cell carcinoma.

In transfer learning with pretrained Inception-v3, the authors
only modified the weights of the last layer, while keeping the
previous layers parameters stationary. However, studies (20, 46)
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have shown that deeply fine-tuning the pretrained networks may
help the network adapt better to the new dataset by upgrading
the feature extraction layers as well. However, SFT only allows
updating the classification layer, which might not be sufficient
for optimal performance.

Vocal Cord Cancer

To differentiate between healthy and cancerous tissue of vocal
cords, Vo et al. (47) developed a BoW based on textural and CNN
features using a dataset of 1,767 healthy and 2,657 carcinogenic
images from five patients. Small patches with 105 pixel x 105
pixel size were extracted and augmented (with rotation), leading
to 374,972 patches. For the textural feature-based classification,
each image was represented by the concatenation of all its con-
stituent patch-driven feature descriptors. For the CNN features, a
LeNet shallow CNN was trained on the patch dataset for a binary
classification (with SGD optimizer; momentum = 0.9 and learn-
ing rate = 0.0005). To create the visual vocabulary, two feature
encoding [Fisher vector (48) and Vector of Locally Aggregated
Descriptors (VLAD) (49)] and two classification methods
(SVM and RF) were tested for comparing their classification
performance.

A Leave-One-Sequence-Out cross validation was used to eva-
luate these methods. The CNN features combined with VLAD
encoder and RF classifier achieved an accuracy of 82% and sen-
sitivity of 82% on the test images that surpassed other approaches.
However, despite its promising accuracy, the proposed multi-
stage approach (patch creation, feature extraction, feature enco-
ding, clustering, and classification) is much more complicated
than the current end-to-end DCNN architectures, which have
all these procedures embedded in their stacked layers. However,
even with this approach, the CNN features could outperform
textural features extracted manually (47).

Lung Cancer

Gil et al. (50) investigated visual patterns in bronchoscopic CLE
images for discriminating benign and malignant lesions and
aiding lung cancer diagnosis. A pretrained network developed
by the visual geometry group (VGG) (51) on a large generic
image dataset was used for feature extraction and reduced the
resulting feature vector dimension from 4,096 to 100, while
preserving roughly 90% of the original feature vector energy
for computational efficiency. Three different methods [k-means,
k-Nearest Neighbor (kNN), and their proposed topology-based
approach] were applied on the feature codes to group images with
similar features together and intrinsically discriminate images
from benign and malignant tissue. Model predictive power was
compared with the final diagnosis on 162 images from 12 cases
(6 with malignant and 6 with benign lesions) and achieved 85%
accuracy, 88% sensitivity, and 81% specificity.

Interobserver studies were performed with three observers
to compare the subjective visual assessment of images with the
model performance (the observers were blinded to the final
diagnosis). Interestingly, the three observers could make a correct
diagnosis only for 60% of the selected CLE images (sensitivity:
73% for malignant and 36% for benign images) on average.
In the second experiment, two observers made a final diagnosis

after examining all the images from each case. The model was
also supplied with all the images from each of the 12 cases and
rendered a final decision for each case. While the model could
differentiate malignant and benign cases with 100% accuracy
(12/12), the two observers could confirmatively make the cor-
rect diagnosis only in 67% (8/12) of cases.

Although the observers’ knowledge in the domain might
have affected their performance, the objective results suggest
that the bronchoscopic CLE images contain enough visual
information for determining the malignancy of the tumor
and the VGG network is an excellent candidate for extracting
these discriminative features. The proposed topology-based
clustering method could outperform common clustering and
classification methods (k-means and kNN) in differentiating the
two classes of images.

Despite its advantages, the proposed method had two major
limitations. First, even though it can differentiate images from
the two classes, it cannot predict the label for each cluster.
The method can separate the images into two groups, but it
is not able to give information about their labels. Second, it is
unclear if there was independent development (for determin-
ing model parameters) and test datasets to avoid bias in model
development.

Gl Tract Cancer

Hong et al. (52) proposed a CNN architecture for classifying
CLE images from three subcategories of Barrets esophagus:
intestinal metaplasia (IM), gastric metaplasia (GM), and neo-
plasia (NPL). The network was composed of four convolutional
layers and two max-pooling and fully connected layers. The size
of convolutional kernels was 3 X 3 and zero padding was also
used. Stride of max-pooling was 2 X 2 which was applied in
layers two and four. Fully connected layers followed the fourth
convolutional layer, and each had 1,024 neurons. The output label
was determined by a softmax layer which produced three prob-
abilities for each subcategory.

The network was trained on the augmented CLE images of
Barrets esophagus (155 IM, 26 GM, and 55 NPL) for 15,000
iterations with the batch size of 20 images. Cross-entropy was
used as a cost function in their experiment. The trained model
was then tested on 26 independent images (17 IM, 4 GM, and 5
NPL) for validation. The imbalance in size of different subcate-
gories caused the model to observe more frequent instances of
IM and NPL compared with GM during training. This created
a bias in the model prediction which can be seen in the high
accuracy for predicting IM and NPL instances (100 and 80%) and
very low accuracy for predicting GM instances (0%). However,
CLE is being used with increasing frequency for detecting pre-
cancerous and cancerous lesions in the GI tract. The highest
numbers of CLE images have been acquired from the GI tract
where such imaging technology has been approved for use clini-
cally for a few years.

CONCLUSION

Precision, personalization, and improved therapeutics in medi-
cine can only progress with improved technology, analysis, and
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logic. The science and philosophy of theranostics is the nexus
of these. Several studies have emphasized the importance of
theranostic imaging in personalized treatment of cancer (26-28).
Medical data acquired on patients has become more voluminous,
and it will continue in such manner. The amount of data avail-
able and necessary for analysis has already eclipsed human
capabilities. For example, the new technology of handheld
surgical tools that can rapidly image at the cellular resolution
on-the-fly produces more images than a pathologist can pos-
sibly examine. As CLE technology develops, there will not be
one fluorophore, but multiple fluorophores applied directly to
the tumor or administered to the patient varying from nonspe-
cific to specifically identifying cell structures or processes used
simultaneously and presented in a myriad of image combinations
for greatly varying histopathology. Analytic methods for selec-
tion and interpretation of the CLE images is already being
explored to be incorporated into CLE operating systems, so that
the unit display can differentiate tissue and label the image as
well with near-on-the-fly capabilities. Computational hardware
power and effective analytic model infrastructure are the only
two limits. CLE systems and other related systems are being
produced by several imaging technology companies and groups
and are close to approval with European and American medical
device regulatory agencies. However, it seems prudent given
the enormous numbers of images already produced and those
projected with adoption of such technology, that there is imme-
diate exploration into such image analysis methods to allow the
pathologist and neurosurgeon to make optimal decisions based
on the CLE imaging and to take advantage of the on-the-fly
technology proposition.

Success or meaningful diagnostic and therapeutic indication
in the burgeoning field of theranostics is only as good as the
data incorporated and the methodology employed for analysis
and to extract meaning, including its validation. In many cases,
relatively simple statistics have been used for analysis, while
pattern recognition or neural network techniques may be used
in more complicated scenarios. For images such as from CLE,
the whole image may be important, or perhaps only certain
subregions, or crucial data may lie in regions on cursory inspec-
tion deemed to be nonuseful, such as in areas of motion artifact.
Complicating this situation are the overwhelming numbers
of images yielded from the CLE application. Clinical decision
environments currently require assistance to not only access and
categorize the collection of images but to also draw conclusions
and inferences that have critical diagnostic and treatment con-
sequences. A pathologist and neurosurgeon will not have time
to inspect a thousand images per case, especially in the midst
of CLE use intraoperatively. Therefore, a theranostics approach,
i.e., the nexus of biological data, rapid informatics scrutiny and
evaluation, and tailored human decision, must be employed as
we venture into realms of ever increasing information in neu-
rosurgery in search of personalization and precision, especially
as we have encountered it first in the surgery and treatment of
malignant invasive brain tumors. In addition, pathologists and
neurosurgeons will need to become versed in the methodology
of the CLE decision making processes to have confidence in
diagnostic labels and to base treatment decisions upon them,

thus the reason for presenting details of analytical architectures
in this review.

Two DCNN-based approaches are reviewed in this paper:
models that can automatically classify CLE images [classifica-
tions of images that are diagnostic/ND (20), glioma/nonglioma
(19), tumor/injury/normal (38)] and models that can localize
histological features from diagnostic images using weakly
supervised methods (41). Manually annotated in-house datasets
were used to train and test these approaches in most of the stud-
ies. For the tumor classification purpose, data pruning could
enhance the results for both DCNN models and outperformed
manual feature extraction and classification (21). Fine-tuning
and ensemble modeling could enhance the model performance
in the diagnostic image classification. The ensemble effect was
stronger in DT and DFT than SFT developed models.

Despite extensive research on CLE clinical application in
neurosurgery (9-14, 18), there have been few attempts in the
automatic analysis of these images to enhance CLE clinical util-
ity. Deep learning could be beneficial in filtering the ND images
with higher speed and reasonable accuracy compared with
subjective assessment (19). Our inter-rater agreement evaluation
(20) showed that the proposed model could achieve promising
agreement with the gold standard defined by a majority assess-
ment by neurosurgeon reviewers. Overall, results suggest that
DCNN-based diagnostic evaluation has a higher agreement with
the ground truth than the entropy-based quality assessment used
in other studies (21, 35). Furthermore, such methods suggest that
semantic histological features may be highlighted in CLE images
as confirmed by a neurosurgeon reviewer. This shows that the
DCNN structure could learn semantic concepts like tumor type
or diagnostic value of CLE images through different levels of
feature representation. Early results show that WSL-based glioma
feature localization was able to precisely mark the cells in the
images. DCNNG are also much faster than handcrafted methods
at deployment phase. Our deeply trained models could classify
about 40 new images in a second, while the handcrafted method
takes 5.4 s to process single image (21).

Other confocal imaging techniques may be aided by such
deep learning models. Confocal reflectance microscopy (CRM)
has been studied (53, 54) for rapid, fluorophore-free evaluation
of brain biopsy specimen ex vivo. CRM allows preserving the
biopsy tissue for future permanent analysis, immunohistochemi-
cal studies, and molecular studies. Proposed DCNN classifica-
tion and localization approaches are well suited for analysis and
interpretation of CRM images as well as CLE. Further studies
on application of DCNN on CRM images are needed to further
validate their utility for intraoperative diagnosis.

Continued use of unsupervised image segmentation methods
to detect meaningful histological features from confocal brain
tumor images will likely allow for more rapid and detailed
diagnosis. With the large rate of images produced, a technology-
free and unassisted approach to analyze the CLE images would
impede the exploitation of maximal pathological information
during surgery. Accessible databases of CLE images would allow
various image analysis methods to be tried on large numbers of
images. Such image collection strategies are part of the platform
of the relatively new International Society for Endomicroscopy.
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DCNNs can enhance extraction and recognition of CLE diag-
nostic features that may be integrated into the standard brain
tumor classification protocols similarly to the current research
flow in the whole-slide digital image analysis for personalized
cancer care (55, 56). This may refine current diagnostic criteria
and potentially aid the discovery of novel-related features.
With such technology, neurosurgery truly enters the realm of
theranostics in the operating room itself—we are on the verge of
highly tailored and precise surgery at the cellular level. Such an
approach is critical for neurosurgery because surgery and treat-
ment for an invasive brain tumor frequently deals with spread
into eloquent cortex—the areas that make us “human.” In fact,
even before entering the operating room the neurosurgeon can
begin to discuss strategy with the patient if tumor is located or
not located in eloquent cortex based on a CLE “optical biopsy”
Thus, theranostics also involves treatment strategies and deci-
sions of when to “stop,” especially true when the CLE system
intraoperatively reveals cells invading, for example, primary
motor or language cortex. With analytical pathologists uniting
different clinical and morphological information for an inte-
grated diagnosis, such a computer-aided CLE analysis workflow
would improve imaging (diagnostics) and achieve maximal,
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Despite histological evidence in various solid tumor entities, available experience with
CXCR4-directed diagnostics and endoradiotherapy mainly focuses on hematologic
diseases. With the goal of expanding the application of CXCR4 theranostics to solid
tumors, we aimed to elucidate the feasibility of CXCR4-targeted imaging in a variety of
such neoplasms.

Methods: Nineteen patients with newly diagnosed, treatment-naive solid tumors
including pancreatic adenocarcinoma or neuroendocrine tumor, cholangiocarcinoma,
hepatocellular carcinoma, renal cell carcinoma, ovarian cancer, and prostate cancer
underwent [68Ga]Pentixafor PET/CT. CXCR4-mediated uptake was assessed both
visually and semi-quantitatively by evaluation of maximum standardized uptake values
(SUVmax) of both primary tumors and metastases. With physiologic liver uptake as
reference, tumor-to-background ratios (TBR) were calculated. [(8Ga]Pentixafor findings
were further compared to immunohistochemistry and ['8FJFDG PET/CT.

Results: On [(8Ga]Pentixafor PET/CT, 10/19 (52.6%) primary tumors were visually
detectable with a median SUVnax of 5.4 (range, 1.7-16.0) and a median TBR of 2.6
(range, 0.8-7.4), respectively. The highest level of radiotracer uptake was identified in
a patient with cholangiocarcinoma (SUVmax, 16.0; TBR, 7.4). The relatively low uptake
on [?8Ga]Pentixafor was also noted in metastases, exhibiting a median SUVpax Of
4.5 (range, 2.3-8.8; TBR, 1.7; range, 1.0-4.1). A good correlation between uptake
on [#8Ga]Pentixafor and histological derived CXCR4 expression was noted (R = 0.62,
P < 0.05). In the 3 patients in whom ['8FJFDG PET/CT was available, [(8Ga]Pentixafor
exhibited lower uptake in all lesions.

Conclusions: In this cohort of newly diagnosed, treatment-naive patients with
solid malignancies, CXCR4 expression as detected by [(8Ga]Pentixafor-PET/CT and
immunohistochemistry was rather moderate. Thus, CXCR4-directed imaging may not
play a major role in the management of solid tumors in the majority of patients.
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INTRODUCTION

C-X-C motif chemokine receptor 4 (CXCR4) is overexpressed
in more than 20 tumor types and plays a crucial role in tumor
growth, tumor invasiveness, cancer cell-microenvironment
interaction, and metastasis (1, 2). Notably, the presence of
CXCR4 has been linked to unfavorable outcomes in multiple
different tumor entities, including hematologic malignancies,
breast cancer, renal cell carcinoma, gynecologic malignancies,
pancreatic adenocarcinoma, and hepatocellular carcinoma (3).

[°8 Ga]Pentixafor is a radiolabelled CXCR4 ligand that allows
for sensitive and high-contrast visualization of the presence of
the receptor in vivo (4, 5). Its use for non-invasive whole-
body positron emission tomography (PET) imaging has been
demonstrated in multiple (mainly hematologic) malignancies
and also inflammatory disease conditions (6-14). Additionally,
Y- or 77Lu-labeled Pentixather (15), the therapeutic partner
of [*8Ga]Pentixafor, has successfully been introduced for the
treatment of hematologic neoplasias such as multiple myeloma,
diffuse large B cell lymphoma, and acute myeloid leukemia
(16-20).

In solid malignancies, pilot studies have hinted at a role
for CXCR4-directed imaging in various selected diseases, such
as small cell lung cancer, esophageal adenocarcinoma, and
poorly differentiated neuroendocrine neoplasms (21-23). Of
note, Blimel et al. reported on the use of [°8 Ga]Pentixafor
in patients diagnosed with adrenocortical cancer, with 70%
of the subjects being potentially suitable for a treatment with
[Y77Lu]/[*°Y]Pentixather (24).

On the other hand, Vag et al. could not detect relevant
[8Ga]Pentixafor uptake in a heterogenous subset of different
solid cancers, including non-small cell lung cancer, malignant
melanoma, sarcoma, cancer of unknown primary (CUP), or
breast cancer (25). Our group reported on rather discouraging
results in a small cohort of patients with malignant pleural
mesothelioma (26).

Thus, given these contradictory findings among different
solid tumor entities, we aimed to broaden the experience of
CXCR4-targeted PET imaging in solid cancers by investigating a
subset of different tumors, including cholangiocarcinoma (CCC),
hepatocellular carcinoma (HCC), pancreatic adenocarcinoma or
neuroendocrine tumor, and ovarian cancer.

MATERIALS AND METHODS

[%8Ga]Pentixafor was administered on a compassionate use basis
in compliance with §37 of the Declaration of Helsinki and
The German Medicinal Products Act, AMG §13.2b. All patients
underwent imaging for clinical purposes and gave written
and informed consent to the diagnostic procedures. The local
institutional review board waived the requirement for additional
approval because of the retrospective character of this study.

Patients

Between September, 2014 and August, 2015, 19 patients
(11 males, 8 females; aged 71 =+ 7 years; range, 60-
81 y) with newly diagnosed, treatment-naive solid tumors

underwent [68Ga]Pentixafor-PET/computed tomography (CT)
for assessment of CXCR4 expression. In 3/19 (15.8%) subjects,
additional [*®F]FDG PET/CT was also performed for staging
purposes within 2 weeks after [®8Ga]Pentixafor-PET (interval
between both scans, median 8 days; range, 1-12 d).

Following imaging, 17/19 (89.5%) subjects underwent
either tumor biopsy (8/17, 47.1%) or surgery (n = 9/17,
52.9%) after a median of 4.5 days (range, 1-55 d). Table1
gives an overview of the clinical information for this
patient cohort.

Synthesis of [(3Ga]Pentixafor

%8Ga]Pentixafor was synthesized as previously described using a
fully GMP compliant automated synthesizer (GRP, Scintomics,
Furstenfeldbruck, Germany) (27).

PET Imaging

All PET/CT scans were performed on a dedicated PET/CT
scanner (Siemens Biograph mCT 64; Siemens Healthineers,
Erlangen, Germany). Before acquisition of ['8F]FDG PET,
patients fasted for at least 6h and blood glucose levels were
<160 mg/dl. Prior to [°8Ga]Pentixafor, patients did not fast.
Imaging was performed 60 min after administration of 64-166
MBq (median, 145 MBq) of [®3Ga]Pentixafor and 297 (n = 1)
or 301 (n = 2) MBq of ['8F]FDG, respectively. Spiral CT with
(dose modulation with a quality reference of 210 mAs) or
without (80mAs) intravenous contrast (120 kV, 512 x 512 matrix,
5mm slice thickness) including a field of view from the base
of the skull to the proximal thighs was acquired. Consecutively,
PET emission data were acquired in three-dimensional mode
with a 200 x 200 matrix with 2-3 min emission time per bed
position. After decay and scatter correction, PET data were
reconstructed iteratively with attenuation correction using the
algorithm implemented by the manufacturer (Siemens Esoft,
Siemens Healthineers, Erlangen, Germany).

Image Analysis

All PET/CT studies were visually assessed by two experienced
nuclear medicine physicians (RAW and CL). Lesions were rated
as visually detectable if they could be identified by both reviewers
on the PET images in a consensus setting.

For derivation of maximum standardized uptake values
(SUVppax) of both primary tumors (all patients) and metastatic
disease (if present, in n = 7/19, 36.8%), 3-dimensional volumes
of interest (VOI) were drawn around the respective lesions.
If patients displayed more than 5 metastases (all histologically
proven or verified by imaging follow-up), the five lesions with
the highest uptake were selected. For calculation of tumor-to-
background ratios (TBR), VOIs with a diameter of 3 cm were
placed in normal liver parenchyma and mean SUV were noted.
The radiotracer concentration in the VOI was normalized to the
injected dose per kilogram of patient’s body weight to derive the
SUVs (22).

For ['®F]FDG-PET/CT,
carried out.

an analogous procedure was
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TABLE 1 | Overview of included subjects.

Patient no. Tumor Grading* TNM* Visually Primary on [68Ga]Pentixafor PET Metastases on [68Ga]Pentixafor IRS
entity detectable PET
lesions on PET gy ax TBR VD SUVmax TBR VD
1 CCC G2 - 1 4.65 1.68 0 - - 01 0
RCC G2 pT1b pNX Mx 1 1.88 0.88 0 - - 01 1
Pancreas G1 - 3 5.77 2.68 1 2.92 1.36 2/3 9
(NET)
4 Pancreas G2 - >5 4.83 1.74 1 - - 0/5 3
(NET)
5 PDAC - pPT3 Nx Mx 1 713 2.57 0 - - 0N
6 CUP - - 3 - - 0 2.33 0.96 3/3
7 CCC - Tx Nx M1 3 16 7.41 1 8.83 4.09 2/3 12
8 HCC - - 0 4.39 2.71 0 - - - -
9 Ovarian - pT2b N1 Mx 2 9.41 4.22 1 3.84 1.72 1/2 6
(low-grade
serous)
10 Prostate - - 0 1.7 0.85 0 - - - -
11 PDAC - - 0 7.58 3.72 1 - - - 9
12 CCC G3 pT1 pNx Mx 2 12.09 5.02 1 6.67 2.77 1/2 2
13 HCC G3 pT2 pNx Mx 1 4.97 3.88 1 - - 01 0
14 PDAC - - 1 8.22 2.07 1 - - 0N 6
15 Ovarian - pT1a pNx Mx 1 2.69 1.48 0 - - 01 0
(granulosa
cell tumor)
16 PDAC G2 pT2 pN1 Mx >5 9.22 3.35 1 4.45 1.62 1/5 2
17 HCC G3 pT1 pNO Mx 0 3.74 1.33 0 - - 01
18 Ovarian G3 pT3c Nx Mx >5 2.26 1.06 0 - - 0/5
(high-grade
serous)
19 CCC - - 4 6.48 3.54 1 7.84 4.11 4/4 2

PET, positron emission tomography; IRS, immunoreactive score; SUVmax, maximum standardized uptake value; TBR, tumor to background ratio; VD, visual detectability; CCC,
cholangiocellular carcinoma; RCC, renal cell carcinoma; NET, neuroendocrine tumor; PDAC, pancreatic ductal adenocarcinoma; CUF, cancer of unknown primary; HCC, hepatocellular
carcinoma. All patients underwent [68 GajPentixafor PET/CT, while in 3/19 subjects, additional ['® FJFDG PET/CT was performed. *prior to CXCR4-dlirected imaging.

Histological Tumor Characterization
Immunohistochemistry was performed on 10% formalin fixed
paraffin embedded tissue sections (3um) and scored as
previously described (28). CXCR4-immunohistochemistry was
conducted using an anti-CXCR4 rabbit polyclonal antibody
(ab2074; Abcam, Cambridge, United Kingdom) followed by
detection with the DAKO en vision system according to
the manufacturer’s protocol. All immunostained sections were
counterstained for 3min with hematoxylin. The analysis of
the stained sections was done semi-quantitatively by light-
microscopy according to the immunoreactive score (IRS) by
Remmele and Stegner (29). The percentage of CXCR4-positive
cells was scored as follows: 0 (no positive cells), 1 (<10% positive
cells), 2 (10-50% positive cells), 3 (>50-80% positive cells), and
4 (>80% positive cells). Additionally, the intensity of staining
was graded: 0 (no color reaction), 1 (mild reaction), 2 (moderate
reaction), 3 (intense reaction). Multiplication of both scores for
a given sample yields the IRS classification: 0-1 (negative), 2—-
3 (mild), 4-8 (moderate), 9-12 (strongly positive). For a more
detailed description please refer to Werner et al. (22). IRS were
correlated with imaging findings.

Statistical Analysis

Descriptive statistics were predominantly utilized. All results are
displayed as mean = SD or as median + range where appropriate.
The two-tailed paired Student’s t-test was used to check for
a correlation between [*®Ga]Pentixafor SUV . and histologic
CXCR4 expression. A P-value of <0.05 was considered to be
statistically significant.

RESULTS

Clinical Findings

All patients presented with newly diagnosed, treatment-naive
solid tumors. The following histologic entities were represented
in the cohort: pancreatic ductal adenocarcinoma (n = 4),
pancreatic neuroendocrine tumor (n = 2, initially suspected as
adenocarcinoma), CCC (n = 4), HCC (n = 3), and ovarian
cancer (n = 3, one low- and one high-grade serous carcinoma
as well as one granulosa cell tumor of the ovary, respectively).
The remaining three subjects had, renal cell carcinoma (RCC),
prostate cancer, and CUP, respectively. Evidence of metastases
was detected in 7/19 (36.8%) patients.
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Patient details are provided in Table 1.

Imaging Results of [f8Ga]Pentixafor

PET/CT
On a visual basis, 10/19 (52.6%) primary tumors and 14/49
(28.6%) metastases were detectable. In semi-quantitative analysis,
the median SUV .y of the primary was 5.4 (range, 1.7-16.0) with
a median TBR of 2.6 (range, 0.8-7.4). The highest SUV .« were
identified in patients suffering from CCC (#7, SUV ay, 16.0; #12,
SUV nax, 12.1; Table 1).

Metastases exhibited a median SUV .y of 4.5 (range, 2.3-8.8)
with a TBR of 1.7 (range, 1.0-4.1).

Comparison of [®8Ga]Pentixafor PET/CT

With ['8F]JFDG PET/CT

In 3/19 (15.8%) patients (#3, #8, and #10), an additional
['8F]JFDG PET/CT scan was conducted. The primary
tumor was identified in all subjects, while it was not
visualized in 2/3 by [*®Ga]Pentixafor (#8 and #10). In
semi-quantitative assessment, both SUV,x and TBR were
higher than on CXCR4-directed imaging: Median SUV ¢
of the primary was 14.3 (14.3, 18.0, 9.0; [*®Ga]Pentixafor,
44; 58, 44, 1.7, respectively) with a median TBR
of 4.8 (range, 2.9-6.7; [®3Ga]Pentixafor, 2.7; 2.7, 2.7,
0.8, respectively).

['8F]JFDG PET/CT detected metastases in 2/3 (#3 and #8)
patients with a median SUVy,y of 13.3 (range, 11.5-16.6) and
a median TBR of 4.7 (range, 3.9-5.6) whereas [°8 Ga]Pentixafor
visualized only 2 metastases in patient #3 (SUVmpayx, 3.9 and
2.0, respectively).

Immunohistochemical Assessment

A total of 17 samples could be investigated in a pathological
assessment. 5/17 samples (29.4%) were rated as negative, 6/17
(35.4%) as “weakly” positive (IRS score 1-3), 3/17 (17.6%) as
“moderately” positive (IRS scores 4-8), and 3/17 (17.6%) as
“strongly” positive (IRS scores 9-12) (Table 1). Notably, both
membranous as well as intra-cytoplasmatic staining for CXCR4
was confirmed.

In 16/17 (94.1%), imaging results (SUV,y of the primary)
could be compared to immunohistological CXCR4 staining,
while in 1/17 (5.9%) a SUV . could not be derived as the
primary could not be identified (#6, suffering from CUP).
A significant correlation between IRS and [*®Ga]Pentixafor
SUVmax of the primary among all tumor entities was detected
(R = 0.62, P < 0.05, Figure 1). Figure2 shows concordant
cases of immunohistochemistry and non-invasive imaging in
patients suffering from CCC (patient #7) and HCC (patient #17),
respectively. Figure3 demonstrates CXCR4-directed imaging
in further selected tumor entities which (with the exception
of patient #9 suffering from low-grade ovarian carcinoma)
primarily demonstrated moderate to no uptake on CXCR4-
directed imaging.

12 ®

10

IRS
-

0 2 4 6 8 10 12 14 16 18
[68Ga]Pentixafor SUV,,,, of the Primary
FIGURE 1 | Correlation between immunoreactive score (IRS) vs.

[GSGa]Pentixafor SUVmax of the primary among all tumor entities available for
analysis R = 0.62.

DISCUSSION

An extensive body of literature has demonstrated that over-
expression of CXCR4 is linked with increased aggressiveness and
worse prognosis in solid cancers. Thus, this chemokine receptor
is an interesting target in oncology and several therapeutic
antagonists have been developed (30, 31). A recent phase I
trial in women with advanced HER-2 negative metastatic breast
cancer investigated a combination regimen of balixafortide (a
peptidic CXCR4 antagonist) and eribulin and demonstrated
favorable safety and tolerability as well as promising anti-tumor
activity (32). Additionally, a first experience with chemokine
receptor-directed radioligand therapy in heavily pre-treated
hematologic disease has been reported (17-19).

As an important pre-requisite to CXCR4 directed therapy,
[°8Ga]Pentixafor PET/CT enables the non-invasive evaluation of
receptor expression of all tumor lesions. Marked inter- and intra-
individual differences in CXCR4 expression have been noted
(33). Further, the receptor presentation on the tumor cell surface
seems to be highly dynamic and influenced by a variety of factors
including previous therapy (34).

In this study, we aimed to expand the experience with non-
invasive imaging of CXCR4 in solid cancers. Previous reports
had hinted at a potential role of chemokine-directed imaging in
selected entities such as small cell lung cancer, adrenocortical
carcinoma, or glioblastoma (21, 24, 35), while another study by
Vag et al. questioned its suitability in other tumors including
sarcoma, pancreatic cancer, and breast cancer (25). In the present
analysis, additional solid cancers in which CXCR4 expression had
been linked to metastasis and inferior outcomes such as renal cell
cancer (36), ovarian cancer (37), and CCC (38) were investigated.
All patients presented with newly diagnosed, treatment-naive
disease. To exclude potential influence of concomitant therapy
on receptor surface expression, biopsies, and/or surgery were
performed shortly after PET imaging and prior to treatment
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FIGURE 2 | Concordance of immunohistochemistry (IHC) and non-invasive CXCR4-directed positron emission tomography (PET) imaging in patients suffering from
cholangiocellular carcinoma (CCC, upper row, patient #7) and hepatocellular carcinoma (HCC, lower row, patient #17). Upper row (patient #7): Display of transaxial
PET (left), computed tomography (CT, second panel) and fused PET/CT (third panel) images of a left liver lesion. The lesion demonstrates high CXCR4 expression,
which could be confirmed in the surgical specimen after tumor resection (IHC, fourth panel). The immunoreactive score (IRS) was 12 (Table 1). Lower row (patient
#17): Display of transaxial PET (left), CT (second panel) and fused PET/CT (third panel) images of the primary. The lesions demonstrates no CXCR4 expression on PET.
The patient presented with negative IHC for CXCR4 derived from a surgical specimen (IRS, O, Table 1). Magnification of IHC: x 400.

PET/CT

B C N\
3
L) A
b " 23
PNET OvarianCa

FIGURE 3 | Maximum intensity projections of CXCR4-directed positron emission tomography of other selected tumor entities, primarily demonstrating moderate to
no uptake on CXCR4-directed imaging (arrows). Pancreatic ductal adenocarcinoma [PDCA,; (A)], pancreatic neuroendocrine tumor [PNET; (B)], ovarian cancer (C),
renal cell carcinoma [RCC; (D)], prostate cancer [PCA; (E)], and cancer of unknown primary (CUP) with multiple liver metastases (F). Only the tumor masses of the
patient with low-grade ovarian carcinoma (patient #9) display relevant CXCR4 expression.

initiation. However, only weak to moderate [°8 Ga]Pentixafor
uptake was recorded in the vast majority of patients and almost
80% of lesions could not be visually detected. In addition,
only two patients exhibited primary tumor SUVp, > 10.
Interestingly, both patients suffered from CCC (#7, Figure 2 and
#12). These findings were paralleled by immunohistochemistry
that also identified relevant CXCR4 expression in few tumor
specimens and correlated well with non-invasive imaging results
(R=10.62, Figure 1).

Taken together, the current findings indicate that
[68Ga]Pentixafor is unlikely to play a major role in staging and
re-staging of most solid tumors, in particular when compared
to ["®F]JFDG. Given the physiologic expression of CXCR4 on
hematopoietic stem cells and thus the need for subsequent

stem cell support (17, 18), endoradiotherapy with radiolabelled
Pentixather might also be reserved to very selected cases.

Future efforts for potential applications of CXCR4-directed
imaging might focus on the characterization of intra-/inter-
lesional heterogeneity by performing dual-radiotracer studies
(in conjunction with ['8F]FDQG) to visualize different levels of
tumor de-differentiation and predict lesions with prognostic
relevance. For example, CXCR4-directed PET/CT might help to
visualize receptor positive cancer stem cells (and their niche)
which are considered to be especially resistant to radiation or
chemotherapy (1, 39).

Several limitations of the present study have to be considered.
It is retrospective and the number of patients is rather small.
Further research including a higher number of subjects is
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definitely warranted to confirm the preliminary findings of the
present feasibility study. Histologic validation of imaging results
was not available in all cases. Additionally, a variety of different
tumor entities were included. However, all patients presented
with newly diagnosed disease and were treatment-naive at the
time of imaging. Moreover, in only 3 patients, an additional
['8F]FDG PET/CT has been conducted and future studies should
evaluate potential tumor heterogeneity in a higher number of
subjects. Although the value of [*®Ga]Pentixafor PET/CT has
been investigated before, our small series adds first experience
with other tumor entities such as ovarian cancer and renal cell
carcinoma, along with histopathologic proof in the majority of
the cases.

CONCLUSIONS

In this cohort of various treatment-naive solid malignancies,
CXCR4 expression as detected by [°8Ga]Pentixafor-PET/CT and
immunohistochemistry was rather moderate. Thus, CXCR4-
directed imaging may not play a major role in the management
of the majority of solid cancer patients.

DATA AVAILABILITY

The raw data supporting the conclusions of this manuscript will
be made available by the authors, without undue reservation, to
any qualified researcher.
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MR molecular imaging (MRMI) of abundant oncogenic biomarkers in tumor
microenvironment has the potential to provide precision cancer imaging in high resolution.
Extradomain-B fibronectin (EDB-FN) is an oncogenic extracellular matrix protein,
highly expressed in aggressive triple negative breast cancer. A targeted macrocyclic
gadolinium-based contrast agent (GBCA) ZD2-N3-Gd(HP-DO3A) (MT218), specific to
EDB-FN, was developed for MBRMI of aggressive breast cancer. The effectiveness of
different doses of MT218 for MRMI was tested in MDA-MB-231 and Hs578T human
triple negative breast cancer models. At clinical dose of 0.1 and subclinical dose of 0.04
mmol Gd/kg, MT218 rapidly bound to the extracellular matrix EDB-FN and produced
robust tumor contrast enhancement in both the tumor models, as early as 1-30 min
post-injection. Substantial tumor enhancement was also observed in both the models
with MT218 at doses as low as 0.02 mmol Gd/kg, which was significantly better than
the clinical agent Gd(HP-DO3A) at 0.1 mmol Gd/kg. Little non-specific enhancement
was observed in the normal tissues including liver, spleen, and brain for MT218 at all
the tested doses, with renal clearance at 30 min. These results demonstrate that MRMI
with reduced doses of MT218 is safe and effective for sensitive and specific imaging of
aggressive breast cancers.

Keywords: EDB-fibronectin, GBCAs, targeted MRI contrast agent, breast cancer, tumor microenvironment

INTRODUCTION

MRI is a powerful non-invasive imaging modality that provides high resolution, three-dimensional
images of soft tissues, including cancerous lesions. Gadolinium (III)-based contrast agents
(GBCAs) are routinely used to enhance the contrast between cancerous lesions and surrounding
normal tissues for accurate cancer detection and diagnosis (1). However, the use of clinical GBCAs
for diagnosis and therapeutic monitoring is limited due to the lack of disease-specific contrast
agents, and concerns of potential Gd toxicity (2-4). Currently used clinical GBCAs are non-specific
to tumor tissues and are unable to accurately detect and differentiate aggressive malignancies
from benign lesions. Therefore, high dosages of GBCAs are often used for detectable contrast
enhancement in tumors. Frequent use of GBCAs at high doses may lead to adverse side effects
such as nephrogenic systemic fibrosis (NSF) caused by the retention of Gd in tissues in patients
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with compromised renal function (2). In addition, GBCAs have
been shown to deposit in human brains with intact blood brain
barriers and in the absence of intracranial abnormalities (5).
While no adverse pharmacological and pathological effects have
been associated with the observed tissue deposition, it is clinically
imperative to address this concern by developing tumor-specific
targeted contrast agents that can be used at substantially
reduced dosages (1). This would improve diagnostic imaging
of cancer with MRI, and simultaneously minimize potential
dose-dependent toxicity and non-specific organ accumulation to
alleviate the safety concerns for clinical use of GBCAs.

While MRI is routinely used to obtain specific and high-
resolution images of cancer tissues, developing clinically feasible
targeted MRI contrast agents for MR molecular imaging (MRMI)
of the biomarkers expressed on cancer cell surface is challenging,
due to the low sensitivity of MRI and low concentration of
the biomarkers. To address these challenges for clinical MRMI,
we have explored a strategy to target abundant oncoproteins
expressed in tumor extracellular matrix (ECM) for safe and
effective MRMI of aggressive cancers (6, 7). Fibronectin (FN) is
considered as a marker of epithelial-to-mesenchymal transition
(EMT), which is a biological process responsible for invasion
and metastasis of aggressive tumors, including breast cancer (8).
We previously developed small molecular peptide-targeted MRI
contrast agents specific to fibrin-fibronectin complexes for cancer
MRMLI. The targeted contrast agents produced robust contrast
enhancement in aggressive tumors for effective cancer MRMI,
and have shown the potential to detect micrometastases as small
as 300 wm in size (9-11). Clinical evidence has demonstrated
that the tumor-specific isoform of FN, extradomain-B fibronectin
(EDB-FN) is specifically overexpressed in the ECM of aggressive
tumors, including breast tumors, thereby making EDB-FN a
promising target for early detection and differential diagnosis
of breast cancer (12-14). Recently, we have designed a new
generation of small peptide targeted MRI contrast agents to target
EDB-EN, for precision MRMI of prostate and breast tumors (15-
17). A small peptide specific to EDB-FN, named ZD2 (Thr-Val-
Arg-Thr-Ser-Ala-As), was identified and used for the design of
a targeted MRI contrast agent for MRMI of EDB-FN in cancer
(8, 15, 18). MRMI of EDB-FN with the targeted contrast agents
was effective for detection and risk-stratification of aggressive
solid tumors, including breast and prostate cancer, in animal
tumor models (15, 17).

We further optimized the ZD2 peptide targeted MRI contrast
agent and developed ZD2-N3-Gd(HP-DO3A) (MT218) as a lead
agent for cost-effective clinical translation (19). MT218 possessed
higher T; relaxivity (544 mM~! s7!) than the previously
reported ZD2-Gd(HP-DO3A) (r; = 4.12 mM~! s71) (15, 19).
At the clinical dose of 0.1 mmol Gd/kg, MT218 generated
robust signal enhancement in aggressive solid tumors, allowing
for effective MRMI for early detection and risk-stratification of
prostate cancer. In this study, we investigated the dose-dependent
effectiveness of MT218 for MRMI of two independent triple
negative breast cancer (TNBC) xenografts in athymic mice. The
expression of EDB-FN was assessed in triple negative MDA-MB-
231 and Hs578T breast cancer cells and tumors. Specific tumor
contrast enhancement with MRMI was tested using clinical

and subclinical doses of MT218 (as low as 0.02 mmol Gd/kg)
in these tumor models, in comparison with a clinical agent
Gd(HP-DO3A). A minimally effective dose was identified for
effective MRMI of TNBC and for minimizing potential dose-
dependent side-effects associated with GBCAs. Non-specific
tissue enhancement was also evaluated in normal organs and
tissues in the animal models.

MATERIALS AND METHODS

Cell Lines and Reagents

MDA-MB-231 and Hs578T TNBC cells were purchased from
ATCC (Manassas, VA). MDA-MB-231 cells were maintained in
Dulbecco’s Modified Eagle's Medium (DMEM, Gibco, Waltham,
MA) supplemented with 10% fetal bovine serum (FBS, Sigma,
St. Louis, MO) and 1% Penicillin/Streptomycin. Hs578T cells
were cultured in DMEM supplemented with 10% FBS, 1%
Penicillin/Streptomycin, and 0.01 mg/mL recombinant human
insulin (Sigma). MCF7 cells were maintained in Eagle’s Minimum
Essential Medium (EMEM, Gibco) supplemented with 10%
FBS (Sigma), 1% Penicillin/Streptomycin, and 0.01 mg/mL
recombinant human insulin (Sigma). MDA-MB-231 and Hs578T
cells were engineered to stably express firefly luciferase and
GFP with a lentivirus encoding for CMV-Luciferase (Firefly)-
2A-GFP (Neo) (Amsbio, Cambridge, MA) and selected using
flow cytometry.

Semiquantitative Real-Time PCR Analyses
Quantitative real-time PCR was conducted as described
previously (20). Briefly, total RNA was extracted from TNBC
cells using an RNeasy Plus Mini Kit (Qiagen, Germantown, MD)
as per manufacturer’s instructions. Reverse transcription was
performed using the miScript IT RT Kit (Qiagen), followed by
qPCR using miScript SYBR Green PCR kit (Qiagen). mRNA
expression levels were normalized to 18S control. The following
primers were purchased from Integrated DNA Technologies
(Coralville, TA): 18S: Fwd 5'-TCAAGAAC GAAAGTCGGAGG-
3’ and Rev 5-GGACATCTAAGGGCATCACA-3; EDB-
FN: Fwd 5- AGCCCTGTGACTGTGTAGTA-3’ and
Rev 5'-AGCCCTGTGACTGTGTAGTA-3'.

In vitro EDB-FN Binding

An EDB-FN-specific fluorescent probe ZD2-Cy5.5 was
synthesized as previously described (8). Approximately 300,000
breast cancer cells were plated onto iBidi glass bottom plates
coated with Corning Matrigel Membrane Matrix (Corning,
Corning, NY). Upon formation of tumor spheroids, ZD2-Cy5.5
(250nM) along with 5pg/mL Hoechst 33342 (Invitrogen,
Carlsbad, California) were incubated with the spheroids for
1 h. Peptide binding was monitored using an Olympus FV1000
confocal microscope (Olympus Corporation, Tokyo, Japan).

Animal Models

Female nude mice (nu/nu Balb/c background, 4-6 weeks old)
were purchased from Jackson Laboratories (Bar Harbor, Maine)
and cared for in the Animal Core Facility at Case Western
Reserve University (Cleveland, OH). All animal experiments
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were conducted in accordance with an approved protocol by
the JACUC of CWRU. Mammary fat pads were injected with
2 x 10 MDA-MB-231-GFP-Luc and 4 x 10° Hs578T-GFP-Luc
cells suspended in a matrigel-PBS mixture (1:1). Tumor volumes
were monitored weekly using a Vernier caliper. Once the average
tumor volume reached 70-90 mm?, mice were subjected to MR
imaging (n = 5 for MT218 and n = 5 for Gd(HP-DO3A) (Bracco,
Milan, Italy).

MR Molecular Imaging

MR molecular imaging was performed on a 3T MRS 3000
scanner (MR Solutions, Surrey, UK). T;-weighted images were
acquired pre- and post-injection of MT218 at doses of 0.1 mmol
Gd/kg (clinical dose), 0.04 mmol Gd/kg and 0.02 mmol Gd/kg
using a fast spin echo (FSE) axial sequence with respiratory gating
(Tr = 305ms, Tg = 11 ms, FOV = 40 x 40 mm, slice thickness
= 1 mm, slice number = 15, N,y = 2, matrix = 256 x 256) using
a mouse short quad coil (MR Solutions). Biodistribution studies
were conducted using a FSE coronal sequence with respiratory
gating (Tr = 305ms, Tg = 11 ms, FOV = 90 x 90 mm, slice
thickness = 1 mm, slice number = 20, N,y = 2, matrix = 248
x 512). A group of 5 tumor-bearing mice was imaged for each
dose. Images were acquired before and at 10, 20, and 30 min post-
injection. The imaging protocol was repeated with the clinical
agent, GA(HP-DO3A) as a control at 0.1 mmol Gd/kg.

The MRI data were exported into DICOM data and analyzed
using FIJI (https://imagej.net/Fiji). The contrast-to-noise ratio
(CNR) of tumors were calculated at 10, 20, and 30 min post-
injection as the difference of the mean tumor intensity and the
mean muscle intensity, divided by the standard deviation of
the noise. Tumor signal to noise ratio (SNR) was obtained as
the mean signal intensity of the tumor divided by the standard
deviation of the noise at 20 min post-contrast injection.

Histological Analysis

Tissue fixation, sectioning, and H&E staining were performed
at the tissue resource core at Case Western Reserve University
(Cleveland, OH). Tumor sections were deparaffinized and
rehydrated (Abcam, Cambridge, UK) and blocked in PBS-
T containing goat serum (10%) for 1h. Rabbit anti-EDB-EN
antibody, G4, (Absolute Antibody, Boston, MA) diluted with
PBS-T containing goat serum (1:500) was applied to the tissue
and incubated at room temperature for 1h. After 3 washes of
5 min each, AlexaFluor555-conjugated anti-rabbit IgG secondary
antibody (1:2,000, Abcam) was incubated with tissue sections
for 1 h. Tissue sections were counterstained with AbcamProlong
Gold with DAPI (Abcam). Fluorescence images were obtained
using an Olympus FV1000 confocal microscope. H&E images
were acquired using an Olympus Bx61VS slide scanner (Olympus
America, Center Valley, PA) and processed in OlyVIA software.

Immunoblotting

MDA-MB-231 and Hs578T tumors were collected and
homogenized in 350 pL 1x RIPA buffer supplemented with
protease inhibitor (Roche, Basel, Switzerland). Samples were
subsequently mixed with 350 pL 1x Laemmli buffer solution
and boiled for 10min, vortexing every 5min. Samples were

centrifuged at 15,000 g for 15min at 4°C to remove insoluble
components. Protein concentrations were quantified using
Lowry assay with bovine serum albumin as a standard. Protein
extracts (40 pg) were loaded onto a 4-20% gradient gel
(BioRad, Hercules, CA) for SDS-PAGE, and transferred onto a
nitrocellulose membrane (Cell Signaling, Danvers, MA). The
nitrocellulose membrane was incubated overnight with anti-
EDB-FN antibody G4 (1:1,000) and loading control anti-B-actin
(Cell Signaling; 1:1,000). Gels were visualized using a ChemiDoc
XRS system (BioRad).

Statistical Analysis

All experiments were independently replicated at least three
times unless otherwise stated. Statistical comparison of the
different dosing groups was performed using Graphpad software.
Statistical significance between two groups was calculated
using an unpaired ¢-test. Data between three groups was
compared using one-way ANOVA with p < 0.05 being
statistically significant.

RESULTS

The triple negative MDA-MB-231 and Hs578T are highly
invasive, mesenchymal breast cancer cell lines (21). Two
independent mouse orthotopic xenografts were developed by
inoculating the cancer cell lines into the mammary fat pads
for assessing the effectiveness of MT218 at different doses. The
expression of EDB-FN in the cell lines was first compared to
a hormone receptor-positive epithelial breast cancer cell line
MCEF-7 as a less invasive control (17). As shown in Figure 1A,
both MDA-MB-231and Hs578T cells had significantly higher
EDB-FN mRNA expression (3.5- and 45-fold) when compared
to MCF7 cells, respectively. Since EDB-FN is secreted into the
tumor ECM, the expression of EDB-EN was also evaluated in 3D
tumor spheroids of MDA-MB-231 and Hs578T cells incubated
with ZD2-Cy5.5, a fluorescent peptide probe specific to EDB-
FN. Both the 3D spheroids demonstrated strong ZD2-Cy5.5
binding, evidenced by the intense red fluorescence, indicating
elevated expression and secretion of EDB-FN by the cancer cells
(Figure 1B). Moreover, the Hs578T spheroids showed stronger
ZD2-Cy5.5 staining and thus higher EDB-FN expression than
the MDA-MB-231 spheroids, in consistence with the gRT-
PCR results. The differential EDB-FN expression in the two
cancer cell lines was also corroborated in their orthotopic tumor
xenografts. Figure 1C shows histological sections of poorly
differentiated H&E stained tumor tissues. Immunofluorescence
staining of MDA-MB-231 and Hs578T tumor sections was
performed using an EDB-FN specific G4 antibody. Strong
EDB-EN expression was observed in Hs578T tumors when
compared to the MDA-MB-231 tumor sections (Figure 1D).
Western blot analysis also revealed abundant expression of
EDB-FN in Hs578T tumors when compared to MDA-MB-231
tumors (Figure 1E, Supplementary Datasheet 1). These results
demonstrate elevated expression of EDB-FN in both the triple
negative breast cancers, more so in the Hs578T model.
Following the characterization of EDB-FN expression, tumor
contrast enhancement of MT218 was evaluated in mice
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FIGURE 1 | EDB-FN is overexpressed in poorly differentiated, triple negative breast cancer. (A) Endogenous EDB-FN mRNA levels is significantly elevated in triple
negative breast cancer cell lines MDA-MB-231 and Hs578T (claudin-low ER~, PR~, HER2~) compared to MCF7 (luminal A; ERT,PR*/~, HER2™) [**p < 0.01, (22)].
mRNA was normalized to 18S mRNA control. (B) Representative fluorescence imaging reveals enhanced ZD2-Cy5.5 (red) binding in 3D cultures of MDA-MB-231 and
Hs578T cells. (C) H&E staining of MDA-MB-231 and Hs578T tumor sections. Scale bar: 50 pm. (D) Analysis of EDB-FN expression in MDA-MB-231 and Hs578T
tumor sections. Scale bar: 50 um (E) Western blot analysis of EDB-FN expression in MDA-MB-231 and Hs578T tumors. B-actin was used as a loading control.
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bearing MDA-MB-231 and Hs578T xenografts before and
after intravenous injection of MT218 at 0.1, 0.04, and 0.02
mmol Gd/kg. The chemical structure of MT218 is shown in
Figure 1F. The tumor enhancement of the clinical control
Gd(HP-DO3A) was also tested at the regular clinical dose of
0.1 mmol Gd/kg. Representative 2D T;-weighted spin-echo MR
images of the tumors were obtained before and at different
time-points after injection of the contrast agents. While the

non-targeted clinical agent Gd(HP-DO3A) resulted in little
signal enhancement (Figures2, 3), MT218 exhibited dose-
dependent tumor enhancement in both the tumors. Strong
signal enhancement was observed in both MDA-MB-231 and
Hs578T xenografts at clinical dose of 0.1 mmol Gd/kg of
MT218. This signal brightness decreased slightly at a reduced
dose of 0.04 mmol Gd/kg for the two tumors (Figures 2, 3).
The enhancement was then reduced substantially at 0.02 mmol
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FIGURE 2 | MRMI with MT218 of MDA-MB-231 tumors in mice. Representative axial T1-weighted 2D fast spin echo images taken before and at 10, 20, and 30 min
post-injection of MT218 at doses of 0.1, 0.04, and 0.02 mmol Gd/kg mouse. Tumors are indicated by the white arrow heads. The clinical agent Gd(HP-DO3A) was

30 min

20 min

Gd/kg, but remained higher than that produced by clinical dose
of GA(HP-DO3A) (0.1 mmol Gd/kg) (Figure 2), demonstrating
the superior tumor-targeting efficiency of MT218 over the
clinical control. In addition, Hs578T tumors with higher EDB-FN
expression exhibited brighter signal enhancement than MDA-
MB-231 tumors at the same doses of MT218 (Figure 3). It
appears that the background noise was low at the low doses
for MT218. The tumor-specific contrast enhancement with
MT218 in both the tumors lasted for at least 30 min for all the
tested doses.

Quantitative analysis of the tumor signal enhancement
revealed different dose-dependent signal enhancement pattern
of MT218 in the tumor models. Figure 4 shows the contrast-
to-noise ratios (CNR) in the tumor models for up to 30 min
post-injection of the agents. For the MDA-MB-231 model,
MT218 produced comparable CNR at 0.1 and 0.04 mmol Gd/kg
doses (Figure 4A), with ~3 to 3.5-fold CNR increase over
their respective pre-contrast images and those with Gd(HP-
DO3A). At 0.02 mmol Gd/kg, MT218 produced, slightly higher
(1.5-fold CNR) than that of clinical control agent. For the

Hs578T tumor model, MT218 showed a dose-dependent trend
of tumor CNR, although it was not statistically significant
(Figure 4B). Specifically, MT218 produced up to 7-, 4-, and 3-
fold CNR increase at the doses of 0.1, 0.04, and 0.02 mmol
Gd/kg, respectively; while GA(HP-DO3A) only produced 1.3-
fold CNR increase in the tumor. The different dose-dependent
enhancement pattern of MT218 in the tumor models could be
attributed to their differential EDB-FN expression levels. MT218
might show saturated binding in MDA-MB-231 tumors at the
high 0.1 mmol Gd/kg dose because of relatively low EDB-FN
expression in the tumor. However, relatively consistent CNR was
observed in the MDA-MB-231 tumors for at least 30 min. In
contrast, the Hs578T tumors had higher EDB-FN expression and
showed time-dependent tumor CNR changes at 0.1 mmol Gd/kg
(Figure 4B). MT218 showed maximum signal enhancement at
0.1 mmol Gd/kg at 10 min post-injection and gradual reduction
of tumor CNR over time. It produced relatively consistent CNR
in the Hs578T tumors at the low doses for up to 30 min.
MT218 produced substantial tumor CNR in the first minute
post-injection in both the tumors, especially at the high doses.
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FIGURE 3 | MRMI with MT218 of Hs578T tumors in mice. Representative axial T1-weighted 2D fast spin echo images taken before and at 10, 20, and 30 min
post-injection of MT218 at doses of 0.1, 0.04, and 0.02 mmol Gd/kg mouse. Tumors are indicated by the white arrow heads. The clinical agent Gd(HP-DO3A) was

To determine if the uptake of MT218 is correlated with the
endogenous EDB-FN expression in different tumor xenografts,
we evaluated the changes in SNR in the MDA-MB-231 and
Hs578T tumor models at 20 min post-injection of MT218 at
0.1, 0.04, and 0.02 mmol Gd/kg (Figure 5). At 0.1 mmol Gd/kg,
the Hs578T tumors with high EDB-FN levels had 1.7-fold SNR
over that of the MDA-MB-231 tumors with relatively lower
EDB-FN (Figure 5). This tumor SNR decreased at the lower
doses (0.04 and 0.02 mmol Gd/kg) in both the tumor models,
with 1.7-fold higher SNR in Hs578T tumors than MDA-MB-231
tumors. On the other hand, no significant difference in SNR was
observed for MT218 at different doses within the same tumor
model. These results indicate that the uptake profile of MT218
is consistent with the tumor-specific expression profile of EDB-
EN. Thus, MT218 has the promise to facilitate effective MRMI
of aggressive tumors at doses as low as 0.02 mmol Gd/kg, a
five-times reduction as compared to the clinical contrast agent.

In order to assess potential non-specific binding and
enhancement of MT218, we analyzed the CNR in the brain and
the key metabolic organs including the liver, kidney, and spleen.

At all the tested doses of MT218, no significant changes in CNR
were observed in the liver, spleen, or brain of all the tested
mice for up to 30 min (Figure 6). Significant enhancement was
observed in the kidneys as early as 10 min post-injection, but
it steadily decreased at 30 min, indicating renal clearance of the
agent. Taken together, these results exhibit the ability of MT218
to facilitate effective MRMI of aggressive tumors with minimal
non-specific binding in normal tissues and organs at substantially
reduced doses.

DISCUSSION

This work highlights the potential of the targeted contrast
agent MT218 for effective MRMI of aggressive breast cancer at
substantially reduced doses. MRMI is advantageous for precision
cancer imaging if tumor-specific targeted contrast agents are
available for risk-stratification of aggressive cancers (16, 23).
MT218 targets the extracellular matrix oncoprotein EDB-EN,
which is highly expressed in aggressive TNBC tumors. The
ECM oncoprotein is more accessible for binding of the targeted
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FIGURE 4 | Analysis of fold increase of tumor contrast-to-noise ratio (CNR)
from images acquired as indicated in MDA-MB-231 (A) and Hs578T (B)
tumors. Data is represented as mean + s.e.m. n = 5 for MDA-MB-231 and
Hs578T tumors. *p < 0.05 for comparison of increased CNR ratio of 0.1 and
0.04 mmol Gd/kg to control Gd(HP-DO3A). No statistical significance was
observed between 0.02 mmol Gd/kg MT218 to control. **p < 0.05 for
comparison of increased CNR ratio of 0.1, 0.04, and 0.02 mmol Gd/kg

to control.

contrast agent than cell surface biomarkers. Consequently,
sufficient MT218 molecules bound to the abundant tumor-
specific ECM protein produce robust enhancement throughout
tumor tissues even at one fifth the clinical dose. Effective MRMI
at such reduced doses has the promise to minimize the potential
dose-dependent toxic side-effects of GBCAs in clinical practice,
addressing the important safety concerns of their clinical use
(2, 24).

MRMI with MT218 also exhibits several unique features for
molecular imaging of TNBC tumors. MT218 produces significant
tumor enhancement as early as 1 min post-injection at all the
tested doses. High accessibility to EDB-FN in the tumor ECM
allows rapid binding of MT218, resulting in effective tumor
enhancement at the early time-point post-injection. MT218
produces relatively uniform contrast enhancement throughout

8 % | MDA-MB-231
6 L * 0 Hs578T
4 *

Contrast to Noise Ratio (CNR)

2 i
0

0.1 mmol Gd/kg

0.04 mmol
Gdlkg

0.02 mmol
Gdlkg

FIGURE 5 | Analysis of tumor signal-to-noise ratio (SNR) at 20 min
post-injection of MT218 at doses of 0.1, 0.04, and 0.02 mmol Gd/kg mouse.
Data is represented as mean + s.e.m. n = 5 for MDA-MB-231 and Hs578T
tumors. *p < 0.05 for comparison of increased SNR ratio.

the tumor tissues, especially at the later time-points post-
injection. These observations indicate that EDB-FN is expressed
throughout the ECM of the TNBC tumors, which enables
specific binding of MT218 across the tumor tissues. The signal
enhancement correlates well with the expression levels of EDB-
FN in the tumors. EDB-FN is a marker of EMT and tumor
angiogenesis (12). Clinical studies have shown that its expression
is associated with poor survival of oral cancer patients (25, 26).
Therefore, MRMI of EDB-FN with MT218 has the potential
to differentiate tumor aggressiveness based on the EDB-FN
expression (8, 15, 17).

GBCAs are FDA approved, and widely used for contrast-
enhanced MRI for cancerous lesions (1). Although there have
been observations of tissue accumulation and nephrogenic
systemic fibrosis in patients with compromised renal functions
for GBCAs, little clinical evidence exists to link their deposition
to adverse effects. MRI contrast agents with other paramagnetic
materials, such as iron and Mn, have been explored as
alternative MRI contrast agents. Superparamagnetic iron oxide
nanoparticles have been shown to provide excellent T,-weighted
MR signal enhancement. Ferumoxytol, a carboxymethyldextran-
coated iron oxide nanoparticle has been used as a contrast
agent in lieu of GBCAs (27). However, ferumoxytol is large,
and has a blood elimination half-life of 14h, requiring
patients to be imaged the day post-injection to observe tumor
enhancement. Mn complexes have also been explored as GBCA
alternatives due to their strong paramagnetic properties, (24, 28).
However, frequent use of Mn-based contrast agents can also be
associated with toxicity concerns, limiting their use clinically
(29, 30). Consequently, comprehensive safety assessments are still
required for these non-GBCAs before any approval for clinical
use by the regulatory agents. The FDA has concluded that there is
little evidence that directly links gadolinium retention to adverse
side-effects in healthy patients, suggesting that the benefits of
GBCAs outweigh any potential risks (31). Nevertheless, the
ability to substantially reduce the dose of GBCAs through tumor-
specific contrast agents will further enhance the safety profile of
GBCAs for clinical use.
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liver, spleen, brain, and kidney were acquired in groups as indicated. Post-contrast CNRs of kidneys are significantly increased over pre-contrast (o < 0.05).

MT218 is a small peptide targeted macrocyclic contrast agent ~ Additionally, cyclic GBCAs have shown to have lower brain
based on a clinical macrocyclic agent Gd(HP-DO3A), which  accumulation compared to linear contrast agents, indicating
has excellent thermodynamic and kinetic stability (19, 32, 33).  an excellent safety profile (34). It is expected that MT218 has
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a similar safety profile as the clinical agent. Comprehensive
preclinical pharmacological and toxicity studies of MT218
are currently on-going based on FDA guidelines for clinical
translation. To our knowledge, MT218 is the only targeted small
molecular MRI contrast agent specific to an oncoprotein for
effective MRMI of cancer. The clinical translation of MT218 will
enable precision MRMI for the detection and risk-stratification of
aggressive breast cancer. High resolution MRMI by MT218 could
provide early detection of aggressive breast cancer and metastatic
disease (14). Importantly, the administration of MT218 at
reduced doses would alleviate the safety concerns associated with
the dose-dependent side effects of GBCAs.

CONCLUSIONS

EDB-FN is highly expressed by aggressive TNBC cells and
tumors. The targeted MRI contrast agent MT218 specific to EDB-
FN is effective for MRMI of TNBC tumors in mice at significantly
reduced doses. MT218 rapidly binds to the extracellular matrix
oncoprotein and produces robust tumor contrast enhancement at
1 min post-injection, lasting for 30 min. The effective MRMI with
MT218 at low doses is an advantageous safety feature, and holds
promise to minimize dose-dependent side effects of GBCAs. The
clinical translation of MT218 has the potential to overcome the
limitations of the existing clinical GBCAs for precision cancer
MRMI and to provide accurate detection and risk-stratification
of aggressive breast cancer.
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Nanoparticles (NPs) camouflaged in cell membranes represent novel biomimetic
platforms that can mimic some of the membrane functions of the cells from which these
membranes are derived, in biological systems. Studies using cell membrane coated NPs
cover a large repertoire of membranes derived from cells such as red blood cells, immune
cells, macrophages, and cancer cells. Cancer cell membrane coated nanoparticles
(CCMCNPs) typically consist of a NP core with a cancer cell plasma membrane coat that
can carry tumor-specific receptors and antigens for cancer targeting. The NP core can
serve as a vehicle to carry imaging and therapeutic moieties. As a result, these CCMCNPs
are being investigated for multiple purposes including cancer theranostics. Here we
have discussed the key steps and major issues in the synthesis and characterization
of CCMCNPs. We have highlighted the homologous binding mechanisms of CCMCNPs
that are being investigated for cancer targeting, and have presented our data that identify
BT474 CCMCNPs as binding to multiple cancer cell lines. Current preclinical applications
of CCMCNPs for cancer theranostics and their advantages and limitations are discussed.

Keywords: biomimetic nanoparticles, cancer cell membranes, theranostics, immune response, metastasis

INTRODUCTION

Biomimetic nanoparticles (NPs) are an emerging class of NPs that integrate the functionality of
biological materials with the flexibility of synthetic materials to achieve effective navigation and
interfacing in complex biological systems (1). Cell membrane coated NPs are biomimetic platforms
that combine the functionality of cell membranes with the abilities of synthetic core structures to
carry imaging reporters and therapeutic cargo (2).

Red blood cell (RBC) membrane-camouflaged poly(lactic-co-glycolic acid) (PLGA) NPs are
one of the first reported cell membrane coated NPs. The RBC membrane was found to act as a
nanosponge for toxins, and bestowed a longer circulation pharmacokinetic profile than uncoated
NPs (3). Since this initial study, cell membrane coating technology has significantly expanded to
the use of membranes from platelets (4-8) and from nucleated cells, such as macrophages (9-12),
neutrophils (13), beta cells (14), and cancer cells (15-33). The use of cancer cell plasma membranes
has attracted attention because these membranes carry tumor-specific receptors and antigens that
play a role in cancer cell proliferation, invasion, and metastasis. While several comprehensive
reviews have summarized the applications of cell membrane camouflaged NPs (34-46) from
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various cell sources, to the best of our knowledge only one of
these reviews is focused on advances with CCMCNPs (37).

Here, we have discussed the steps and issues in the
manufacturing and characterization of CCMCNPs. We have
highlighted the homologous binding ability of CCMCNPs with
potential applications in cancer targeting, and summarized
the current preclinical applications of CCMCNPs for cancer
theranostics, and their advantages and limitations.

SYNTHESIS OF CCMCNPs

CCMCNPs are synthesized by coating NPs with a lipid bilayer
of cancer cell plasma membranes. The nanoparticle cores are
synthetic materials that feature the advantage of flexibility and
reproducibility. These cores can be used to carry therapeutic
or imaging moieties. The cancer cell plasma membrane coating
is a natural entity possessing the complexity and functionality
derived from the cell membranes of the source cancer cells.
As a result, CCMCNPs combine the advantages of synthetic
and biological materials within a single biomimetic platform. A
schematic illustration of the steps involved in the preparation
of CCMCNPs is shown in Figure 1. Typical applications of
CCMCNPs for cancer theranostics are shown in the schematic
in Figure 2.

CCMCNP Core Materials

The core of the CCMCNPs can be organic or inorganic.
Organic nanoparticle cores include PLGA (15-17, 20, 31),
semiconducting polymers (23), or poly(caprolactone) (PCL)-
pluronic copolymers F68 (27). Polymeric NPs are usually
biocompatible and biodegradable, and are used to encapsulate
both hydrophilic and hydrophobic drugs for drug delivery. In
particular, PLGA, an FDA approved polymer, has been widely
investigated for pharmaceutical formulation applications (47).
The polymer cores with their payloads are usually prepared via
nano-precipitation followed by emulsion solvent evaporation,
or self-assembly methods. Inorganic core materials used for
CCMCNPs include silicon/silica (18, 30, 32), magnetic materials

(22, 33), copper sulfide (CuS) (29), upconversion NPs (26), gold
nanoshells (28), and metal-organic framework (MOF) (24, 25).
Inorganic NP cores can exist in a porous structure to improve
the drug loading efficiency and feature several unique electrical,
magnetic, and optical properties adapted to meet to the specific
need of the biomedical application. With recent advances in
nanotechnology, inorganic NPs can be prepared with precise
control of shape, size, and surface chemistry.

Cancer Cell Membranes

Unlike cancer cells that have a nucleus and organelles, RBCs
do not have a nucleus and lack organelles. As a result, RBC
membrane vesicles are relatively easily obtained by removing the
hemoglobin content under hypotonic conditions. The isolation
of cancer cell membranes is, however, a more complex process.
Typically, cancer cells are first ruptured into cell fragments
under hypotonic conditions and with the use of mechanical
processes, such as homogenization or sonication. Unbroken cells
and nuclei are pelleted under low-speed centrifugation. The
supernatant contains the plasma membrane, the cytosol and
other organelles, such as lysosomes, golgi, mitochondria, and
endoplasmic reticulum. Based on the density difference between
the plasma membrane and other cellular factions, differential
centrifugation is mainly used for plasma membrane isolation.
However, we found that gradient centrifugation was superior
to differential centrifugation in terms of purity of isolated cell
membrane fractions (19). Commonly used gradients include
discontinuous sucrose, and self-generated Percoll or iodixanol
gradients (48, 49). In our recent study (19), we employed
sucrose gradient centrifugation and demonstrated a discernable
separation of the plasma membrane portion at the top band that
was clearly separated from two other discrete bands.

Plasma membrane protein isolation kits have also been used
to isolate cancer cell plasma membranes (23), with various
commercial available kits from different vendors. However, one
major concern with these commercial kits is that they are
designed to isolate plasma membrane proteins but not the
intact phospholipid vesicles to which the membrane proteins are

Cancer cells

Cancer

Membrane
derivation

Cancer cell membrane
fractions (CCMFs)

Nanoparticles

UOISTI)XE]

CCMCNPs

FIGURE 1 | Schematic illustration of the steps required in the synthesis of CCMCNPs. The schematic was produced, in part, by using the graphics from powerpoint,
ChemBioDraw and Servier Medical Art image data bank (https://smart.servier.com).
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FIGURE 2 | Schematic illustration summarizing the current applications of CCMCNPs in preclinical cancer theranostics. The schematic was produced, in part, by
using the graphics from powerpoint, ChemBioDraw and Servier Medical Art image data bank (https://smart.servier.com).

attached or embedded. As a result the plasma membrane vesicles The mechanical force applied while the membrane
are frequently too small (around 50 nm) and have a poor yield. vesicles and NPs are passing through the small pores of the

polycarbonate membrane facilitates the fusion between vesicles
Cancer Cell Membrane Coating on NPs and nanoparticle. This extrusion-based preparation method

Cancer cell membrane coating is commonly achieved though  is adapted from liposome synthesis technology. However, this
sonication and extrusion processes after mixing cancer cell —method suffers from several limitations when it is applied to
membrane vesicles and NPs. Sonication is a pre-treatment fabricate CCMCNPs. Cancer cell membrane vesicles produced
process to break down and disperse cancer cell membrane by mechanical rupture appear in a variety of sizes and shapes.
vesicles. In an extrusion approach, a mini extruder used to make ~ Because they are much thicker and more rigid than liposomes,
liposomes is connected to two air-tight syringes. Cancer cell  this hampers the curving of membrane vesicles for nanoparticle
membrane vesicles are mixed with NPs at a certain ratio and  coating, and also results in pore obstruction of the polycarbonate
placed in the syringe on one side. Mechanical force is applied = membrane and loss of membrane vesicles. Due to these technical
on the plunger of the syringe, and the mixture is extruded  difficulties, the coating efficiency is largely compromised.
through a polycarbonate porous membrane located in the center ~ The resulting product usually contains some NPs without
of extruder. Cancer cell membrane coated NPs are collected after =~ membrane coating, and some membrane vesicles without an
several passes through the polycarbonate membrane. NP core. Unfortunately, because there is no efficient method
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to remove the uncoated NPs or the membrane vesicles, the
final product contains a small fraction of both these unwanted
components. In addition, this laboratory-based small scale
synthesis involves multiple manual steps that impede its clinical
translation due to concerns such as synthesis variability and
manufacturing scalability. Although the current extrusion-
based coating method works for a variety of cell membranes
and NPs, the coating mechanism and synthesis procedure
require optimization. Such optimization should take into
account the physicochemical properties of NPs, such as the
size, shape, morphology, and surface chemistry that will impact
coating efficiency.

Microfluidics provides a robust tool to produce nanomaterials
in a controlled and reproducible manner. In a recent study,
a microfluidic chip that incorporated electroporation was
fabricated (50). Magnetic nanoparticles (MNs) and RBC
membrane-derived vesicles (RBC-vesicles) were made to flow
through the electroporation zone. Electric pulses between
two electrodes promoted the entry of MNs into RBC-
vesicles facilitating the synthesis of RBC-MNs. RBC-MNPs
synthesized by the microfluidic electroporation approach
exhibited significantly better treatment outcome than those
prepared by conventional methods. Although not previously
reported, such a microfluidic approach may provide a promising
alternative to producing CCMCNPs.

Using cancer cell membranes to coat NPs is a top-down
approach. Although it has the above-mentioned limitations
in fabrication, it does recapitulate some of the biological
complexities of the cell membrane on the carrier surface
and provides a one-step solution to transferring some of
the bioactive functions of the cell membrane to the carrier
(51). Recently, a combined top down and bottom-up strategy
was described that incorporated proteins derived from the
leukocyte plasma membrane into lipid nanoparticles (51-53).
The top-down strategy was used to obtain cell membrane
proteins that were inserted into a lipid bilayer by a bottom-
up approach. The resulting proteolipid vesicles, referred to
as leukosomes, retained the versatility and physicochemical
properties typical of liposomal formulations. This biomimetic
approach provided better control of the final composition and
formulation. However, it did not reproduce the complexity
of the cellular membrane or maintain cell membrane protein
conformation, surface density, or ratio.

CHARACTERIZATION OF CCMCNPs

Characterization of Physicochemical

Properties

Transmission electron microscopy (TEM) is an effective way
to characterize the size and morphology of CCMCNPs and
their precursors. Cancer cell membrane vesicles exist in a coil-
like shape with a broad size distribution. Core-shell structures
observed in TEM images provide important evidence of
successful coating. The thickness of the membrane coating ranges
from 5 to 10nm that is in agreement with the thickness of
the phospholipid bilayer. Dynamic laser scattering (DLS) is

another commonly used technique to detect the hydrodynamic
size and zeta-potential of NPs. The hydrodynamic size of
CCMCNPs is slightly higher than the size of the core NPs due to
membrane coating, and much lower than cancer cell membrane
vesicles. The zeta-potential of CCMCNPs is similar to that of
membrane vesicles. Combined data from TEM and DLS can be
used to confirm successful membrane coating. The stability of
CCMCNPs can be evaluated by measuring the hydrodynamic size
over a period of time in suspension in culture medium, serum
or physiological buffers. The size fluctuation of CCMCNPs is
minimal. Studies evaluating coagulation have not been reported
so far.

Protein Profiling by SDS-PAGE

A major goal of cancer cell plasma membrane coating is to
translocate membrane proteins in an intact state on to the core
NPs. It is therefore important to confirm the preservation of
membrane proteins and their associated structures and functions,
once the membrane is coated on the NP. SDS-PAGE is usually
used to demonstrate the preservation of membrane proteins
by confirming the unchanged protein profiles of cancer cell
membrane vesicles before and after coating. However, the protein
staining after SDS-PAGE is non-specific and all the proteins are
stained. The technique is a relatively coarse approach to profile
proteins and is not sensitive to protein changes. We addressed
this issue by using membranes from cells overexpressing the
G protein-coupled receptor CXCR4 and the glycoprotein CD44
(19), and confirming the levels of these markers before and after
cell membrane coating, using flow cytometry.

Purity, Integrity, and Sidedness

The purity of cancer cell plasma membrane vesicles is typically
evaluated by western blot probing of a series of subcellular
fractions along with purified membrane. We carefully examined
the purity of the isolated membrane vesicles by probing a series
of subcellular markers, Nat/K*-ATPase for plasma membrane,
ATP5a for mitochondrial, GAPDH for cytosolic protein,
and GRP78 for endoplasmic reticulum (19). We confirmed
the successful enrichment of plasma membrane associated
proteins and negligible contamination from subcellular organelle
proteins. To check the purity of CCMCNPs, the core and shell
are labeled with fluorescence dyes of different colors, and the
overlapping of the two fluorescence signals is used to confirm
that the cell membranes have coated the NPs. However, due
to the limited spatial resolution of fluorescence microscopy,
subtle mismatches at the nanoscale level can be missed by
fluorescence microscopy.

To determine if CCMCNPs remain intact under physiological
conditions, the most common approach is to label the NP core
and the outer coat shell with different fluorescence dyes and
check the fluorescence of CCMCNPs following internalization
by cells. Although this approach is also subject to the limited
spatial resolution of fluorescence microscopy, it is considered the
simplest way to evaluate CCMCNP integrity.

As discussed earlier, sidedness or the orientation of the
cancer cell plasma membrane is an important characteristic
of CCMCNPs. The membrane coating on CCMCNPs has
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to be in a “right-side-out” manner for applications that
require the extracellular domains of membrane proteins to
be exposed, such as for antigen binding and recognition.
The sidedness of RBC membranes after coating has been
evaluated by using immunogold labeling (54), where
antigen markers located at extracellular and intracellular
domains were separately stained with colloidal gold NPs
labeled with respective specific antibodies. However, the
sidedness of CCMCNPs has not been well-investigated, and
immunogold labeling combined with electron microscopy
will be useful techniques for evaluating CCMCNP sidedness.
Although electron microscopy of immunogold labeling can
determine membrane sidedness at high spatial resolution, flow
cytometry is better adapted to quantify translocated membrane
proteins (51).

TARGETING MECHANISMS OF CCMCNPs

Homologous Binding of CCMCNPs to
Cancer Cells

Cell adhesion molecules, including cadherins, selectins,
integrins, and Thomsen-Friedenreich (TF) antigens, have
been identified as mediators of cell-cell and cell-extracellular
matrix adhesion (55). These play a pivotal role in recurrence,
invasion, and distant metastasis (55). Homotypic aggregation
and metastatic cell heterotypic adhesion to the microvascular
endothelium are thought to be mediated through similar
molecular mechanisms, specifically the interactions of tumor-
associated TF glycoantigen with the beta-galactoside-binding
protein, galectin-3 (56, 57). The homologous targeting
ability of CCMCNPs was first evaluated using PLGA NPs
coated with the plasma membrane of human MDA-MB-
435 cancer cells (17). In these studies, CCMCNPs had a
much higher affinity toward MDA-MB-435 cells compared
to RBC-camouflaged NPs and bare PLGA cores. When a
heterotypic human foreskin fibroblast cell line was used as
a negative control, MDA-MB-435 CCMCNPs exhibited little
increased uptake compared to bare PLGA cores, indicating that
the homologous binding effect was specific to the MDA-MB-435
cell membrane coating.

Following these pioneering studies, published
reports have observed homologous binding of CCMCNPs
derived from a variety of cancer cells, such as mouse breast
cancer 4T1 cells (24, 25, 27, 28), MDA-MB-435 cells (26),
human breast cancer MDA-MB-231 (15), and MCF-7 (16)
cells, human squamous carcinoma UM-SCC-7 cells (33),
and human hepatocellular carcinoma SMMC-7721 cells (22).
CCMCNPs derived from these cancer cells demonstrated
homologous specificity in preclinical cancer imaging or
therapy studies.

We performed a study in which membranes derived from five
breast cancer cell lines (MDA-MB-231, SUM-159, MCF-7, BT-
474, and 4T1) were evaluated for homologous binding toward
their source cell lines. Cancer cell membrane fractions (CCMFs)
were first fluorescently labeled with fluorescein isothiocyanate
(FITC). FITC-labeled CCMFs were characterized by measuring

several

the absorbance at 494nm by UV spectroscopy. 1 x 10° live
cells were dispersed in 100 L of FACS buffer, after which 5 pL
of FITC-labeled CCMF solution (A494 = 0.4) was added and
the mixture was incubated at 4°C for 30 min. After washing,
flow cytometry measurements were conducted on a FACS
Calibur (BD Bioscience); ten thousand events were collected
for each measurement and analyzed by FlowJo software (BD
Bioscience). In a separate study, live cells were incubated
with FITC-labeled CCMFs at 37°C for 1h. After washing,
the live cells were imaged by fluorescence microscopy. As
shown in Figure3A and Table1, although we did not see
homologous binding of the CCMFs investigated, we found
that BT474 CCMFs had a higher affinity for all five cell lines,
suggesting that BT474 cell membranes showed promiscuous
binding to these five cancer cell lines. MDA-MB-231 cells
had the highest binding affinity for all the CCMFs. SUM-159
CCMFs and SUM-159 cells had the lowest binding affinity.
Representative fluorescence images shown in Figure 3B confirm
that MDA-MB-231 cells had the highest level of CCMF binding
among the five cell lines that was consistent with the flow
cytometry results. The fluorescent images confirm the low
binding affinity of SUM-159 CCMFs and cells. These results
support further investigating the use of NPs coated with
BT474 cancer cell membranes to detect cancers and to deliver
therapeutic cargo.

Other studies have reported an absence of homologous
binding in vivo. In one such study, semiconducting polymer
nanoparticles (SPN) were coated with the plasma membrane
derived from 4T1 cells to form 4T1 CC-SPN (23). The core
SPN absorbed near-infrared (NIR) light that was converted
to NIR fluorescence and photoacoustic signals. In addition,
SPN can be also used for photodynamic therapy (PDT) and
photothermal therapy (PTT). Homologous targeting of 4T1
CC-SPN was evaluated in 4T1 tumors. Compared to naked
SPN, 4T1 CC-SPN did not show significant enhancement
of fluorescence or photoacoustic intensities in 4T1 tumors,
indicating that the accumulation of 4T1 CC-SPN in 4T1 tumors
was not significantly different from naked SPN. Following
phototherapy, the 4T1 CC-SPN group did not show significant
difference of tumor growth control in comparison to the naked
SPN group.

Many of the homologous targeting studies used uncoated
NPs for comparison. If the homologous targeting of
CCMCNPs originates from cell surface adhesion molecules,
studies with specific inhibitors with competitive binding
to these adhesion molecules will provide further insights
into the mechanisms underlying the homotypic and
heterotypic effects.

Several studies have suggested that the CD47 cell surface
antigen may suppress the uptake of CCMCNPs by macrophages
(27). On the other hand, neoantigens encoded by tumor-
specific mutated genes can help elicit tumor-specific immune
responses (58). We investigated the pharmacokinetic
profiles of CCMF-PLGA NPs and uncoated PLGA NPs
in immunodeficient mice and found that CCMF-PLGA
NPs had even significantly shorter circulation time in the
bloodstream, indicating that the membrane antigens present
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FIGURE 3 | Evaluation of homologous binding by flow cytometry and fluorescence imaging. (A) Flow cytometry profiles of five breast cancer cell lines, MDA-MB-231,
SUM-159, MCF-7, BT-474, and 4T1 cells after CCMF-incubation. Live cells were individually stained with FITC-labeled CCMFs derived from these five cell lines at the
same FITC concentration. (B) Representative fluorescence (Fluo) and bright field (BF) images of cancer cells after CCMF-incubation showing the high binding affinity of
BT-474 CCMFs and MDA-MB-231 cells, compared to the low binding affinity of SUM-159 CCMFs and SUM-159 cells.

on CCMF-PLGA NPs may have accelerated clearance (19).
These opposing effects require further investigation to clearly
interface with mononuclear

understand how
phagocytic system.

CCMCNPs

Disruption of Cancer Cell-Stromal Cell
Interaction

Proteins present on the membranes of source cells are maintained
on the surface of CCMCNPs. Some of these proteins play a

Frontiers in Oncology | www.frontiersin.org

63 January 2020 | Volume 9 | Article 1560


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Jin and Bhujwalla

Cancer Cell Membrane Camouflaged Nanoparticles

role in mediating cell-cell interaction. We therefore investigated
the ability of CCMCNPs to misdirect cancer cell-stromal cell
interaction (19). We found that the presence of CCMFs or
CCMCNPs reduced the migration of cancer cells toward human
mammary fibroblasts (HMFs) by ~30%. Core PLGA NPs alone
did not induce any inhibition of cancer cell migration. We
established an experimental metastasis model by intravenously
injecting MDA-MD-231 cells constitutively expressing luciferase
(231-luc) into nude mice. We observed a significant reduction
of metastasis in the group of mice injected with 231-luc cells
pre-incubated with CCMCNPs. Our data collectively showed
that CCMCNPs actively reduced the ability of fibroblasts to
attract cancer cells, and confirmed the ability of CCMCNPs to
significantly reduce metastasis. Fibroblasts have been observed
to track to the premetastatic niche prior to the arrival of cancer
cells. Therefore, NPs that disrupt the ability of fibroblasts to
attract cancer cells may disrupt the metastatic cascade and the
formation of metastasis. However, we have not as yet identified

TABLE 1 | Flow cytometry analysis of mean fluorescence intensity (MFI) obtained
following incubation of different CCMFs with different cancer cells.

<

. CCMFs MDA-MB-231 SUM-159° MCF-7 BT-474* 4T1
cells N
MDA-MB-231° I 14.1 8.8 17.3 32.8 13.5'
SUM-159¢ 6.4 4.2 7.3 7.8 7.8
MCF-7 14.2 7.1 12.0 22.3 10.7
BT-474 12.8 5.9 14.6 14.0 8.7
4T 121 10.8 13.1 25.0 10.4

Values are obtained from two separate sets of experiments.

aBT474 CCMFs had a higher binding affinity than other CCMFs across the five cell lines
as outlined by a vertical box.

bFrom the five cell lines, MDA-MB-231 cells had the highest binding affinity as outlined by
a horizontal box.

¢SUM-159 CCMFs and SUM-159 cells had the lowest binding affinity.

the specific membrane antigens responsible for the reduction
of migration.

CANCER THERANOSTIC APPLICATIONS
OF CCMCNPs

Since the NP cores are synthetic materials, these can be
adapted for use as theranostic materials to serve as vehicles that
carry imaging and therapeutic moieties. We have summarized
the reported examples of CCMCNPs for cancer theranostics
in Table 2.

Preclinical Cancer Imaging

Cloaking cancer cell membranes onto upconversion
nanoparticles (UCNPs) to obtain CC-UCNPs have been reported
(26). Four cancer cell lines including human melanoma, prostate,
squamous cell, and colorectal cells were selected to synthesize
the corresponding CC-UCNPs. The homologous binding of
CC-UCNPs was investigated in vitro by flow cytometry and
confocal microscopy. Significant binding was observed when
the cell membrane of the CC-UCNPs matched the cancer cell
type. Mismatch between the donor and host cells led to almost
no targeting. By virtue of the UCNP core’s ability to convert NIR
radiation to visible light, CC-UCNPs possessed the ability for
in vivo tumor imaging. Mice injected with CC-UCNPs derived
from MDA-MB-435 cells exhibited the highest upconversion
luminescence in MDA-MB-435 tumor xenografts, as well as
much higher tumor accumulation than the CC-UCNPs from
other cell lines. These homologous targeting abilities together
with the NIR fluorescence of UCNPs indicate the potential use of
CC-UCNPs for tumor specific in vivo imaging.

In another study, a brain metastatic breast cancer cell
(MDA-MB-831) membrane-coated polymeric nanoparticle
(mPEG-PLGA) platform was constructed (21). NIR dye
IR780 was loaded into the mPEG-PLGA polymeric NPs for
imaging. In vivo and ex vivo NIR imaging in mice showed

TABLE 2 | Summary of CCMCNPs and their components used for cancer theranostics.

Cancer cell line Core Size (nm) Imaging/therapeutics Applications References
MDA-MB-435 UCNPs 100 UCNPs NIR imaging ©6)
MDA-MB-831 mPEG-PLGA 70 IR780 NIR imaging (21)
MCF-7 PLGA 200 ICG NIR/PA imaging and PTT (16)
SMCC-7721 SPIO 192 Ceb MR/NIR imaging and PDT (22)
4T1 PCN-224 228 GOx and catalase Cancer starvation and PDT (25)
4T1 PCN-224 154 TPZ Bioreductive therapy and PDT (24)
4T1 F68 copolymer 175 PTX Drug delivery 27)
UM-SCC-7 MNPs 103 DOX Drug delivery (33)
4T1 Gold nanocages 70 DOX Drug delivery and PTT (28)
B16-F10 & RBC Copper sulfide 200 DOX Drug delivery and PTT (29)
MDA-MB-231 Porous Silicon 405 N/A Cancer nanovaccines (18)
B16-F10 PLGA 110 CpG Cancer nanovaccines (20)
B16-F10 PLGA 160 R837 and mannose Cancer nanovaccines (31)

UCNPs, upcoversion nanoparticles; NIR, near infrared; PLGA, poly(lactic-co-glycolic acid); SPIO, superparamagnetic iron oxide; MR, magnetic resonance; PA, photoacoustic;, PDT,
photodynamic therapy; PTT, photothermal therapy; MINPs, magnetic nanoparticles; PTX, paclitaxel; DOX, doxorubicin; GOx, glucose oxidase; PCN, porous coordination network,

TPZ, tirapazamine.
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extended circulation and retention of MDA-MB-831 CCMCNPs
compared to uncoated mPEG-PLGA nanoparticles. These data
demonstrated the ability of dye-loaded CCMCNPs to cross
the blood-brain barrier (BBB) for imaging of metastatic breast
cancers to the brain. These two examples represent applications
of CCMCNPs for NIR tumor imaging, where the NIR light is able
to penetrate deeper into the tissue than visible light. Although
the penetration of NIR light makes superficial tumor imaging
possible, it cannot be applied to deep-seated tissues. Magnetic
nanoparticles are an alternative option as they allow detection of
deep-seated tissues with MRI, and pave the way for translational
applications. To be clinically translatable, cancer cell membranes
can also be labeled with radiotracers for detection in vivo by
PET/SPECT imaging.

Phototheranostics

A cancer cell membrane-cloaked NP as a phototheranostic
nanoplatform has been previously reported (16). The NP core
consisted of PLGA containing indocyanine green (ICG) that
has excellent fluorescence/photoacoustic (FL/PA) properties for
FL/PA dual-modal imaging and PTT effects for eradicating
tumors using NIR light. The membranes of human breast
cancer MCF-7 cells were used for coating. MCF-7 CCMCNPs
not only demonstrated homologous targeting in vitro but also
demonstrated specific targeting with in vivo MCF-7 tumors with
high spatial resolution and good penetration. Due to the PTT
effect, MCF-7 tumors were ablated with a single dose of MCF-7
CCMCNPs combined with laser treatment.

In another study, a cancer cell membrane coated magnetic
NP platform for MR/NIR fluorescence dual-modal imaging
and PDT of cancer was described (22), where the core
consisted of styrene (St) and acrylic acid (AA)-crosslinked
superparamagnetic iron oxide nanoparticles (SPION), loaded
with a clinically used photosensitizer Ce6. The nanobead core
was coated with the membranes from human hepatocellular
carcinoma SMMC-7721 cells. Compared to nanobeads without
coating, SMMC-7721 CCMCNPs demonstrated higher tumor
accumulation as observed by MR/NIR fluorescence imaging, and
enhanced PDT effects in SMMC-7721 tumor-bearing mice.

In two recent studies, cancer cell membrane camouflaged
cascade bioreactors (designated as mCGP) were used for a
synergistic combination of starvation and PDT (24, 25). The core
consisted of porphyrin MOF loaded with glucose oxidase (GOx)
and catalase. PCN (porous coordination network)-224 acted as a
photosensitizer and also had photoluminescence suitable for NIR
imaging. Coating the surface with 4T1 cancer cell membranes
provided mCGP with biocompatibility, immune system-evasion
and homotypic targeting. Once internalized by cancer cells,
mCGP promoted microenvironmental oxygenation by catalyzing
the endogenous H, O, to produce O, that subsequently accelerate
the decomposition of intracellular glucose and enhanced the
production of cytotoxic singlet oxygen under light irradiation.
This cancer targeted cascade bioreactor mCGP efficiently
inhibited cancer growth after administration of a single dose.

As highlighted in the examples presented here, the integration
of imaging with phototherapy enabled real-time in vivo
monitoring of the distribution of CCMCNPs to identify the ideal
time to trigger treatment for an optimal therapeutic effect.

Chemotherapy Drug Delivery

CCMCNPs can be effective drug delivery nanocarriers when
the NP cores are loaded with chemotherapy payloads as
demonstrated in published studies. In one study, a cancer cell
biomimetic nano drug delivery system (NDDS) was developed
for targeted chemotherapy of metastatic cancer (27). The NDDS
was constructed from two distinct components. The NP coat
derived from the membranes of 4T1 mammary breast cancer
cells formed one component. The second component consisted
of the paclitaxel (PTX)-loaded polymeric NP core prepared
from poly(caprolactone) (PCL) and pluronic copolymer F68.
The preservation of several membrane proteins associated with
cell adhesion and recognition was confirmed. Among these
were TF-antigen and E-cadherin, CD44 and CD326, and CD47.
The 4T1 CCMCNPs could selectively enable high accumulation
of PTX in primary tumors and metastatic pulmonary tissues
as demonstrated in 4T1 orthotopic mammary tumors and
experimental metastasis. The membrane proteins present on
CCMCNPs were postulated to result in homotypic binding
of CCMCNPs and in the reduction of internalization by
macrophages. In addition, 4T1 CCMCNPs significantly inhibited
the growth of primary and metastatic tumors.

Besides polymeric NP cores, several inorganic NPs have been
used to encapsulate chemotherapy drugs. Examples are magnetic
nanoparticles (33), gold nanocages (28), and CuS (29). As an
example, a magnetic iron oxide based nanoplatform that was
coated with cancer cell membranes from different cancer cells,
such as UM-SCC-7, COS7, and HeLa cells was recently described
(33). Clinically used doxorubicin hydrochloride (DOX-HCI) was
incorporated as the model drug that electrostatically bound to
the negatively charged Fe3O4 magnetic NPs. These CCMCNPs
exhibited excellent “homing” ability to the homologous tumor
in vivo even in the presence of a second heterologous tumor.
Due to the targeted accumulation of DOX in UM-SCC-7 tumors,
UM-SCC-7 CCMCNPs resulted in significant tumor growth
control. The magnetic property of the NP core also allowed
the use of a magnetic field to guide CCMCNPs toward the
site of interest to increase accumulation. In another study, a
biomimetic drug delivery system consisting of DOX-loaded gold
nanocages as the inner core and 4T1 cancer cell membranes
as the outer shell was used for homologous targeting to 4T1
tumors, with the gold nanocages providing both PTT effects and
hyperthermia-triggered DOX release under NIR laser irradiation
(28). The combination of chemo and PTT therapy achieved
about 98% growth reduction of primary and metastatic 4T1
tumors. Hollow CuS NPs have also been used to load DOX
(29). Similar to the gold nanocages, DOX-loaded CuS NPs
provided PTT effects and NIR light-triggered DOX release.
Instead of using cancer cell membrane alone, in these studies
membranes derived from RBCs and melanoma cells (B16-
F10 cells) were fused to create hybrid biomimetic membranes
(RBC-B16) that were coated onto DOX-loaded CuS NPs to
construct DCuS@[RBC-B16] NPs. The hybrid membrane coating
provided functional advantages of homologous targeting from
the B16-F10 cell membranes and prolonged circulation time
from the RBC membranes. Compared to the bare CuS NPs,
the DCuS@[RBC-B16] NPs exhibited specific self-recognition to
the source cell line in vitro and achieved prolonged circulation
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lifetime and enhanced homogeneous targeting abilities. The
DOX-loaded [RBC-B16]-coated CuS NP platform exhibited
synergistic PTT and chemotherapy to achieve significant tumor
growth inhibition.

Cancer Nanovaccines

Because cancer cell membranes carry a repertoire of membrane
proteins from their source cancer cells, CCMCNPs have
been actively investigated as cancer nanovaccines to induce
cancer-specific immune responses. Subunit vaccines, such as
molecular adjuvants and cancer-associated antigens or cancer-
specific neoantigens, have been demonstrated to elicit potent
antitumor immunity (59). However, subunit vaccines have
shown limited clinical benefit in cancer therapy, due in part
to inefficient vaccine delivery. Nanovaccines possess several
favorable characteristics for effective cancer immunotherapy,
such as efficient co-delivery of antigens and adjuvants into
lymphoid organs, controllable intracellular vaccine delivery and
release, and antigen cross-presentation in antigen presenting
cells (APCs). The earliest example of using CCMCNPs to
induce anti-tumor immunity in vivo was reported by Kroll
et al. (20). The anticancer nanovaccine contained a PLGA
polymeric core loaded with CpG oligodeoxynucleotide 1826
(CpG), a nucleic acid-based immunological adjuvant, and a
cancer cell membrane shell derived from B16-F10 mouse
melanoma cells. The nanovaccine resulted in a potent antitumor
immune response in vivo and exhibited substantial therapeutic
effects when combined with additional immunotherapies such as
immune checkpoint blockades.

In a similar study (31), with a nanovaccine containing a PLGA
core and a B16-F10 cell membrane shell, the toll-like receptor
7 agonist imiquimod (R837) was used as an adjuvant instead
of CpG. Additionally the surface was modified with mannose
as an APC-recognition moiety. This modified nanovaccine
demonstrated both prophylactic and therapeutic efficacy in vivo,
and enhanced therapeutic effects when combined with anti-PD-1
immune checkpoint blockade therapy.

We performed a proof-of-principle study investigating the
immune response induced by CCMCNPs (19). We used
human glioblastoma cells (U87MG) and human breast cancer
cells (MDA-MB-231 and BT-474) for the derivation of cell
membranes. We observed the localization of CCMCNPs
in proximal draining lymph nodes with NIR fluorescence
imaging. Following immunization of Balb/c mice, we detected a
higher percentage of CD8' and CD4™" cytotoxic T-lymphocyte
populations in spleens and lymph nodes of CCMCNPs-
immunized mice. Since U87-CXCR4 cells are of human origin
and the CCMCNPs were injected into immunocompetent mice,
our study did not demonstrate a cancer-cell specific immune
response, but identified the possibility of using such formulations
together with immunogenic adjuvants in combination with
checkpoint inhibitors for cancer treatment.

CCMCNPs-based nanovaccines provide several advantages
for cancer immunotherapy. Although many intracellular
housekeeping proteins are removed that can dilute the immune
responses, the membrane-bound tumor antigens are retained
creating the possibility of synthesizing personalized vaccines.

Tumor antigens from CCMCNPs are multi-epitope and
endogenously autologous that can potentially be derived from
a patients own tumor following surgical resection or biopsy.
The core-shell structure of CCMCNPs allows the delivery of
tumor antigens and adjuvant concurrently to maximize effective
antigen presentation and activation of downstream immune
processes (20).

However, such bioinspired nanovaccine platforms are still in
their infancy. The prophylactic and therapeutic effects generated
from CCMCNPs have to be optimized. Cancer cell membranes
also contain housekeeping proteins that can result in immune
response dilution. In addition, the antigens located in the cell
membranes can be degraded or inactivated in the complex
physiological environments of the host body. Finally, the
potential adverse effects of immunomodulatory cocktails have to
be considered.

CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

Homologous targeting to deliver imaging and therapeutic
agents, disruption of cancer cell-stromal cell interactions, and
induction of an immune response are the major cancer
applications that are emerging with this class of NPs. Overall,
this novel biomimetic nanoplatform allows the incorporation of
personalized cancer receptors and antigens, which can, in the
future, be derived from a patient’s own tumor. Furthermore, the
NP cores can be loaded with a variety of different cargoes, for
precision medicine. The challenges that need to be addressed to
enable translation to applications in humans are reproducible
synthesis under good medical practice conditions that can
be scaled up, and understanding the mechanisms underlying
homologous targeting.

Current synthesis involves multiple manual steps that can
introduce process variability. Some important characteristics,
such as purity, integrity, and sidedness, in particular, need
to be further investigated and elucidated. There are very
few studies reporting the yield, loading capacity, or efficacy
of CCMCNPs. Successfully addressing these challenges will
allow the incorporation of this novel class of NPs for cancer
theranostics to achieve personalized precision medicine.
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Ovarian cancer is a leading cause of death from gynecological malignancies. Although
the prognosis is quite favorable if detected at an early stage, the vast majority of cases
are diagnosed at an advanced stage, when 5-year survival rates are only 30-40%. Most
recurrent ovarian tumors are resistant to traditional therapies underscoring the need for
new therapeutic options. Theranostic agents, that combine diagnostic and therapeutic
capabilities, are being explored to better detect, diagnose and treat ovarian cancer. To
minimize morbidity, improve survival rates, and eventually cure patients, new strategies
are needed for early detection and for delivering specifically anticancer therapies to tumor
sites. In this review we will discuss various molecular imaging modalities and targets that
can be used for imaging, therapeutic and theranostic agent development for improved
diagnosis and treatment of ovarian cancer.

Keywords: ovarian cancer, diagnosis and therapy, molecular imaging, theranostic, targeted therapy

INTRODUCTION

Ovarian cancer is the leading cause of death from gynecological malignancies and ranks fifth as a
cause of cancer-related deaths among women. Nearly 14,240 deaths and 22,280 new cases of ovarian
cancer are reported in the US every year (1). The majority of ovarian cancer related deaths, similar
to other cancers, are due to metastatic disease. Nearly 90% of ovarian cancers are of epithelial origin
and demonstrate various subtypes, serous, endometrioid, clear cell and mucinous, and have unique
signature biomarkers for classification, some of which could be used for targeting. Vast majority
(~80%) of epithelial ovarian cancers are diagnosed at an advanced stage, with presentation of
widely metastatic disease within the peritoneal cavity. The 5-year survival rate for extensive stage
disease remains low at 30-40%, with limited therapeutic options.

Current first-line treatment of high-grade epithelial ovarian cancer involves a debulking surgery
that is followed by combination chemotherapy consisting of carboplatin and paclitaxel. However,
long-term results from those therapies have been disappointing (2). Cytoreductive surgery is
used as therapeutic intervention, as well as for diagnosis and staging. The amount of residual
disease following a debulking surgery is considered a prognostic factor of survival and the absence
of macroscopic residual disease is associated with low recurrence. Overall survival of advanced
stage ovarian cancer patients showed little improvement in the last 30 years despite progress
made in surgery and therapy. New targeted strategies are urgently needed to minimize morbidity
and mortality associated with ovarian cancer. Theranostic approaches that combine diagnostic
imaging with therapy have been shown to improve patient survival in several difficult to treat
advanced cancers, and could also be applied to ovarian cancer, a focus of this review (3-5).
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Mainly due to the lack of effective biomarkers to detect an
early stage disease, ovarian cancer is most frequently diagnosed
at an advanced stage. In this review, we will focus on various
molecular targets being used to develop imaging, therapeutic and
theranostic agents. High and specific expression of a biologic
target is paramount for cancer detection. Additionally, inter-
and intra-tumoral target expression heterogeneity is one of the
hallmarks of cancer and is poorly understood in the context
of advanced stage disease. The theranostic concept relies on
identifying appropriate molecular targets highly specific to the
cancer cells and assessing their expression levels and distribution
by imaging that can be subsequently used for guiding appropriate
therapy. The effectiveness of the approach comes from using
imaging to select the patient population who would most likely
benefit from the therapeutic agent, thus minimizing any off
target effects and toxicity. This process requires the development
and optimization of ligands for use as imaging/contrast agents
that bind to proteins overexpressed in ovarian cancers. Those
molecularly-targeted imaging agents help determine the tumor
location and heterogeneity in target expression. They also allow
assessment of the dosage and timing of drug administration,
and ultimately of tumor response to therapy. The imaging
component can also act as a surrogate for the possible therapeutic
agent that is likely to demonstrate similar chemical and in vivo
pharmacokinetic properties. Imaging and therapeutic molecules
that are chemically or biologically identical or agents that are not
identical but have similar enough biodistribution can be used.

Currently, the most clinically used theranostic agents
are primarily radiopharmaceuticals wherein a highly specific
molecularly targeted and optimized ligand is used for chelating a
radionuclide with imaging properties that can be readily swapped
for a radionuclide with therapeutic properties (6). Radionuclide
therapies also provide the benefits of bystander, crossfire and
abscopal effects that could lead to sterilization of the tumor as
a whole. With chemo- or targeted therapies only cells binding to
the therapeutic agent are destroyed. In contrast, with therapeutic
radionuclides, the emitted radiation particle path length is longer
than several cell diameters, and cell death can be observed in
multiple cells in the neighborhood of a cell with the accumulation
of the targeted therapeutic radionuclide. Those effects provide
an additional advantage to address the heterogeneity of the
tumors over targeted therapies because cells and tissues not
expressing the target and present in the particle path can still
be impacted by the radiation. Bystander effects induced by
radiation could also occur in cells that have not themselves
been exposed to the radiation but have received a signal from
a neighboring irradiated cell and behave as though it had been
irradiated which leads to genomic instability and cell death
(7, 8). Abscopal effect refers to an effect away from the target.
It is an immune system rendered response to ionizing radiation
by cancer cells that are located distant from the cancer cells
with the accumulation of the therapeutic radionuclide or the
irradiated site in the case of external beam radiotherapy (9).
With the advent of immune checkpoint therapeutics that activate
the immune system, therapies combining radionuclide therapy
with immunotherapy have the potential to boost the abscopal
response rates.

Other theranostic approaches being explored include the
use of a single platform strategy such as near-infrared
photoimmunotherapy (NIR-PIT) that incorporates therapeutic
and diagnostic components in one entity (10). NIR-PIT is a
target specific therapy involving an antibody conjugated to a
photoabsorber that binds to target cells and causes cellular
damage upon subsequent exposure to NIR light. The irradiation
with NIR light at 690 nm causes cell membrane damage and
necrotic cell death. The specificity of NIR-PIT comes from the
specificity of the antibody, injected intravenously for tumor
targeting, and the toxicity induced by the photosensitizer after
exposure to NIR light (11). NIR-PIT induces phototoxic effects
only when NIR irradiation and cell membrane binding are
combined. Importantly, NIR-PIT does not require intracellular
delivery of the therapeutic agent. The NIR emission of IR700
dye can also be used for non-invasive fluorescence detection to
optimize the delivery of the theranostic irradiation.

Another strategy is targeted nanoparticle delivery to the
ovarian tumors (12). Nanoparticles make it feasible to deliver
multiple imaging and therapeutic components simultaneously to
the cancer cells, and enable an on demand or environmentally
responsive therapeutic release once a sufficient concentration of
payload reaches the tumor.

We will discuss various imaging modalities and targets that
could be used for imaging, therapeutic and theranostic agent
development to diagnose and treat ovarian cancer, as listed
in Table 1.

IMAGING TECHNIQUES USED FOR
OVARIAN CANCER DETECTION AND
DIAGNOSIS

Currently, women with a clinical suspicion of ovarian cancer
are assessed with pelvic examination, transvaginal ultrasound
(TVUS), and serum biomarkers. However, these techniques
have significant limitations in the accuracy of detection and
characterization of ovarian malignancy. Staging of ovarian cancer
is usually done with histology and computed tomography (CT)
to decide treatment and surgical procedures. Ultrasound (US)
imaging is frequently used in the diagnosis of ovarian cancer
(41, 42). The reported accuracies for distinguishing malignant
from benign tumors by US is 65-94%, 35-88%, and 48-99%
for gray-scale, color Doppler flow imaging, and Doppler arterial
resistance measurements, respectively (43). In a meta analysis
Kinkel et al. showed that sonographic techniques combining gray
scale morphologic assessment with tumor vascularity imaging
information are significantly better in characterizing ovarian
lesions compared to individual measurements alone. The Q*
point (and 95% CI) for combined techniques was 0.92 (0.87,
0.96) vs. 0.85 (0.83, 0.88), 0.82 (0.78, 0.86), and 0.73 (0.58, 0.87)
for morphology, Doppler US and color Doppler flow imaging,
respectively (43). Q* values correspond to the point on the
summary receiver operating characteristic (ROC) curve where
sensitivity and specificity were equal.

To further improve ovarian cancer detection by US,
different non-targeted and targeted contrast agents have been
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TABLE 1 | Molecules, modalities and applications of ovarian cancer targeted theranostics.

Molecular target Imaging/Theranostic Imaging method Potential clinical application References
agent
CA125 897r-DFO-mAb-B43.13 PET Cancer detection (13)
9Tecm-MAb-B43.13 SPECT Cancer detection (14)
Nanobubbles us Cancer detection and drug delivery (15)
Folate receptor Mirvetuximab PET Cancer detection (16-18)
soravtansine
(IMGN853)
89Zr-radiolabeled PET Pre-screen cancer patients for (19, 20)
M9346A (parent mAb IMGNB853 treatment
of IMGN853)
Folate or folate analog Optical Real-time surgical visualization of (21, 22)
(EC17) conjugated to tumors for intraoperative staging and
FITC surgical resection
64Cu-labeled PET and optical Detection and intraoperative (23)
pyropheophorbide- guidance of cancer resection
folate
conjugate
SPION-CDF-FA- MR Cancer detection and treatment (24)
PAMAM
PLGA-RbCur- MR Combination therapies (12)
gadolinium
complex
Microbubbles loaded US and US targeted Anti-cancer drugs and/or oxygen (25)
with paclitaxel and MB destruction delivery for combination therapy
oxygen
Her2 897r-trastuzumab PET Cancer detection (26, 27)
897r-pertuzumab PET Cancer detection (28-30)
77 Lu or 212Pb Targeted radiotherapy Cancer therapy (31-33)
radiolabeled
trastuzumab
IR700DX-trastuzumab NIR-PIT Cancer detection and treatment (11)
EC1-GLuc-liposome bioluminescence Cancer detection and treatment (34)
NaPi2b (SLC34A2) 211 At MIX35 F(ab')2 Targeted radiotherapy Cancer therapy (35)
EGFR Cetuximab- NIR-PIT Cancer detection and treatment (36)
benzoporphyrin
derivate conjugate
KDR Microbubbles us Cancer detection (37)
GSA GSA-IR700 NIR-PIT Cancer detection and treatment (38)
B-galactosidase HMRef-pGal Optical Laparotomic and endoscopic (89, 40)
SPIDER-pGal detection of tumor and metastases

developed and explored. Application of microbubbles (MB) as
a contrast agent to improve the detection of early stage ovarian
malignancies has been explored in preclinical (44), and clinical
studies (45). Intravenous injection of non-targeted perflutren
MB contrast agent was used to image 26 benign masses and
10 malignancies, to acquire the following parameters: presence
of contrast enhancement, time to peak enhancement, peak
contrast enhancement, half wash-out time, and area under the
enhancement curve (AUC). The study showed that an AUC
>787 s~ was the most accurate diagnostic criterion for ovarian
cancer with high sensitivity (100.0%) and specificity (96.2%).
Other values that were found to be useful are the peak contrast
enhancement >17.2 dB that showed 90.0% sensitivity and 98.3%

specificity, and half wash-out time >41 s that 100.0% sensitivity
and 92.3% specificity (45).

Optical imaging is being extensively used in preclinical
settings and more recently in the clinic intraoperatively.
Intraoperative fluorescence imaging could be applied to improve
tumor staging and debulking in the course of cytoreductive
surgery to improve prognosis. Multiple tumor-specific
intraoperative fluorescence probes have been developed,
and applied to ovarian cancer, both in preclinical (39), and
clinical (21, 22) studies. Those clinical studies demonstrated the
potential benefit of a systemically administered tumor-specific
targeted fluorescent agent for intraoperative fluorescence
imaging and in staging and debulking surgery for ovarian cancer.
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Positron emission tomography (PET) imaging is highly
sensitive and provides specific and quantitative information
of a disease process given a molecularly targeted imaging
agent is available. The most conspicuous radiotracer 'SE-
Fluorodeoxyglucose reports on upregulated glucose metabolism
in tumors and is routinely used in the management of ovarian
cancer for diagnosis, staging, and for monitoring tumor response
to chemotherapy (46).

Due to cost and availability limitations, Magnetic resonance
imaging (MRI) is not frequently used for ovarian cancer
diagnosis. MRI and magnetic resonance spectroscopy (MRS)
have been applied to describe the feasibility of effective cancer
imaging to assess complex ovarian masses indeterminate on
either palpation or ultrasonography. MRI diagnostic criteria of
ovarian malignancies are usually based on morphology, thick
septum, vegetations, ascites, lymphadenopathy, and contrast
characteristics. MRI can also be used for functional and metabolic
imaging via dynamic contrast enhanced (DCE)-MRI, diffusion
weighted imaging (DWI) and MRS, in addition to gaining the
anatomic information. DCE-MRI is used to characterize ovarian
cancer noninvasively (47), and to distinguish benign from
malignant lesions on the basis of differences in contrast agent
distribution and uptake that are manifested by neoangiogenesis
induced microcirculation (48). Carter et al., showed that
quantitative parameters from DCE-MRI and T, mapping could
be used to differentiate benign (n = 22) from malignant (n
12) ovarian masses (49). MRS has been proved useful in
diagnosis, grading and treatment planning of brain and prostate
cancer. However, studies using MRS for female pelvic lesions are
limited, due to technical issues that arise from susceptibility to
motion artifacts. The few reported clinical studies have shown
the feasibility of using single voxel spectroscopy to differentiate
benign from malignant lesions by measuring total choline (tCho)
levels (50, 51). Booth et al., have shown that MRI at 3T can be
used to stage ovarian cancer with an accuracy comparable to
that obtained with surgical staging (52). 3D MRSI of ovarian
masses can also be performed at 3T to allow an accurate spatially
resolved analysis of ovarian cancer (53). There are however
some limitations associated with using MRS alone. tCho in
primary and metastatic ovarian tumors can be quantified using
'H MRS, although a high rate of failure has been observed (51).
Moreover, tCho was detected at 3T in both benign and malignant
gynecological neoplasms (52), highlighting the importance of
combining multiple MR techniques in order to improve tumor
detection and staging.

MOLECULAR TARGETS USED FOR
OVARIAN CANCER DETECTION AND
THERAPY

CA125

The overexpression of MUCI16/cancer antigen 125 (CA125)
is one of the hallmarks of high-grade serous ovarian cancer
(HGSOC) (54). CA125, a mucin-type-O-linked glycoprotein, is
expressed as a membrane bound protein at the ovarian cancer
cell surface. It is also released in soluble form in bodily fluids.

CA125 level in serum, quantified via immunoassays, is one
of the most extensively studied biomarker for ovarian cancer.
CA125 measurements are applied in clinical management of
ovarian cancer in different situations including early detection,
disease monitoring, early prediction of outcome, tumor status
after completion of chemotherapy, and early detection of
recurrence (55, 56).

Lymph node involvement is observed in 75% of ovarian
cancer cases of late stage disease. Serum-based biomarkers, such
as CA125, despite their routine use and low cost, fail to accurately
pinpoint the lymph nodes involved and the site of recurrence.
PET probes targeting CA125 could be valuable tools in the
management of ovarian cancer for whole body visualization and
quantification of CA125. Antibodies that bind to CA125 have
been reported and can be readily converted into PET imaging
agents by conjugating imaging radionuclides with suitable half-
life such as zirconium-89 (3.27 days). Taking advantage of the
available antibodies, Sharma et al., have demonstrated that a Zr-
89 labeled anti-CA125 murine antibody B43.13 (57) (or 897y
DFO-mAb-B43.13) could be used for clear delineation of CA125
positive human tumor xenografts from negative tumors in mouse
models (13) (Figure 1). CA125 positive tumors were detected as
early as 24 h after radiotracer injection. In mouse models with
lymph node involvement, the authors also observed high levels of
897r-DFO-mADb-B43.13 concentrations in lymph nodes by PET
imaging. That increased uptake observed was cancer specific
and confirmed by pathological validation of metastatic disease
in excised samples. PET negative lymph nodes were found to
be free of metastatic disease further validating the specificity of
the radiotracer. Collectively, these data show the potential for
development of a theranostic variant for detecting and targeting
CA125 positive ovarian cancer as one could readily generate a
radiotherapeutic version of the antibody. The pharmacokinetics
and radiation dosimetry of B43.13 labeled with *™Tc, a SPECT
radionuclide, have been reported previously (14). Additional
clinical studies with B43.13 as an imaging agent have not yet been
reported but B43.13 is being tested in combination with other
therapeutics in several clinical trials (58).

CA125 has also been shown as a potential target for contrast
enhanced ultrasound imaging. CA125-targeted echogenic lipid
and surfactant-stabilized nanobubbles were used in a mouse
model to image CA125 positive OVCAR3 tumor with a standard
clinical contrast harmonic ultrasound (15). An enhanced tumor
accumulation of nanobubbles, higher peak ultrasound signal
intensity and slower wash out rates were observed in OVCAR3
tumors compared to CA125 negative SKOV3 tumors. The
CA125 binding nanobubbles also showed increased tumor
retention and prolonged echogenicity compared to untargeted
nanobubbles. The study results suggest that CA125 antibody-
conjugated nanobubble-based ultrasound molecular imaging
could potentially improve diagnosis of CA125 positive ovarian
cancer (15).

Folate Receptor

Another target that is of significant interest in ovarian cancer
is folate receptor-a (FRa), a glycosylphosphatidylinositol (GPI)-
anchored membrane glycoprotein with a high affinity to folic
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FIGURE 1 | (A) Serial PET images of an athymic nude mouse bearing a CA125-positive OVCARS xenograft after tail vein injection of 89Zr-DFO-mAb-B43.13 after

120 h

0

120 h p.i.

(10.2-12.0 MBq). Coronal planar images intersect the middle of the tumor. (B) Coronal (top) and maximum-intensity projection (MIP; bottom) PET image obtained 72 h
after administration of 8Zr-DFO-mAb-B43.13 to a mouse 8 week post implantation of an OVCARS xenograft on the right shoulder. (C) Coronal (top) and MIP (bottom)
PET images obtained 72 h after administration of 89Zr-DFO-mAb-B43.13 to the same mouse 11 week post tumor implantation. (D) PET/CT image obtained 120h
after administration of 89Zr-DFO-mAb-B43.13 to the same mouse 11 week post tumor implantation. ALN, axillary LNs; BLN, brachial LN; L, liver; p.i., post-injection;
SML, submandibular LN; T, tumor. Adapted with permission from Sharma et al. (13).

acid. Nearly 90% of HGSOC overexpress FRa (59). Expression of
FRo in normal tissues is negligible, thus providing an opportunity
for FRa specific delivery of theranostics to the tumor. Folic
acid binding results in internalization and sequestration of the
bound conjugates. Taking advantage of that phenomenon, folate
has been used to develop PET, SPECT, and fluorescence-based
imaging agents that yield highly resolved images of FRa positive
tumors in preclinical models (60).

A variety of folate-derived conjugates have been developed
as PET imaging agents incorporating most clinically used

radionuclides F-18 and Ga-68 (16). The overexpression of FRa
in cancer has also led to the development of a variety of
FR targeted therapeutics including antibody drug conjugates.
One such agent is mirvetuximab soravtansine (IMGN853), an
FRa-targeting humanized monoclonal antibody-drug conjugate.
IMGNS853 is being tested in several clinical trials in cancer
patients, including platinum resistant ovarian cancer patients
(17, 18). Selection of patients for those therapies currently relies
on immunohistochemistry (IHC) analysis of archived biopsies.
To improve patient selection and therapeutic intervention, two
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nature. Adapted with permission from Tummers et al. (22).

Fluorescence

FIGURE 2 | Biopsies of lesions found histologically to be metastases of serous adenocarcinoma. In total, 57 fluorescent lesions that were identified during surgery
were resected. Of these resected lesions 44 (77%) appeared to be malignant on histopathology. Seven (16%) of these 44 lesions were not detected by visual
inspection with the naked eye or palpation either because they appeared benign or because they were missed during inspection due to small size (<10 mm) and flat

Color-Fluorescence Merge

studies developed a 3°Zr-radiolabeled version of M9346A as a
radiotracer for FRa detection. M9346A is the parent antibody
of IMGN853 (19, 20). Evaluation of 3°Zr-M9346A uptake in
patient derived xenograft models of triple negative breast cancer
and ovarian cancer with graded expression levels of FRa showed
target specificity, sensitivity and correlated with treatment
response to antibody drug conjugate. Those studies portend the
potential of Zr-M9346A PET as a theranostic tool to pre-screen
ovarian or other cancer patients for IMGN853 treatment.

FRa can also be used as a target for optical imaging. Folate
conjugated with fluorescein isothiocyanate was used for real-
time visualization of tumors in patients for suspected ovarian
cancer and undergoing laparotomy. In that study, fluorescence
was detected intraoperatively in all patients with FRa positive
malignant tumors but not in FRa negative malignant tumors or
benign tumors, facilitating fluorescence guided surgical resection
of tumor deposits (21). Such agents could have direct impact on
patient survival by facilitating improved intraoperative staging
and surgical resection, as targeted probes improve specificity
and sensitivity of cancer detection during surgery. These results
were later confirmed in another study (22) where an FRa-
targeting agent, EC17, was intravenously injected to ovarian
cancer patients 2-3 h before surgery. EC17 consisted of a folate
analog conjugated to 5-fluorescein isothiocyanate (FITC). Using
fluorescence imaging ovarian cancer metastases located on the
intestine and mesentery could be visualized in those patients
(Figure 2). As a next step, the number of lesions and positive
margins detected with fluorescence were measured, following
which correlation was assessed between the fluorescent signal, the
presence of a malignant lesion, and the FRa status. Fluorescence
imaging detected 77% of lesions that appeared malignant on
histopathology in ovarian cancer patients and 16% of those were
not detected with inspection/palpation. A correlation between
fluorescence and FRa- and tumor status was demonstrated by
histopathology. In spite of a clear fluorescent signal produced
by EC17 in ovarian cancer tissue, false-positives were observed
due to the normal tissue expression of FRa, or auto-fluorescence

signal from collagen and false negatives were linked to inadequate
penetration depth of the fluorescence technology.

Those advances have also lead to the development of dual- and
multi-modality agents. Liu et al., developed a multimodal PET
and optical FRa-targeted agent for ovarian cancer imaging. The
agent, ®*Cu-labeled pyropheophorbide-folate conjugate, showed
selective uptake in metastatic ovarian cancer deposits of <1 mm
size that could assist in non-invasive tumor detection as well as
in intraoperative guidance of cancer resection (23).

MRI has also the potential to be used to visualize delivery of FR
targeting theranostic agent. Luong et al. developed a polyvalent
theranostic nanocarrier consisting of a superparamagnetic iron
oxide nanoparticle (SPION) core, loaded with a highly potent
anticancer agent, 3,4-difluorobenzylidene-curcumin (CDF) and
decorated with folic acid-polyamidoamine dendrimers (FA-
PAMAM) (24). In vitro, those nanoparticles exhibited a high
MR contrast and anticancer activity in ovarian (SKOV3) and
cervical (HeLa) cancer cells that are known to overexpress FR.
The intracellular accumulation and therapeutic effects were more
pronounced with targeted particles compared to non-targeted
ones. These studies showed the ability of multivalent theranostic
nanoparticles for simultaneous imaging and therapy in cancer
cells and will have to be confirmed in vivo.

Combination therapies can improve treatment efficacy. Novel
dual therapy nanoparticles such as poly (lactic-co-glycolic acid)
(PLGA) nanoparticles that simultaneously deliver a boron-
curcumin complex (RbCur) and an amphiphilic gadolinium
complex into tumor cells are being developed (12). Those
nanoparticles combined boron and gadolinium neutron capture
therapy with anti-proliferative effects of curcumin. The presence
of gadolinium makes the nanoparticles visible to MRI. These
nanoparticles were tested in vitro on ovarian cancer IGROV-1
cells with FR targeting. In those studies, an effective synergic
activity was described when neutron treatment was combined
with and curcumin cytotoxicity (12). The authors showed that
the presence of curcumin before and during neutron exposure
leads to increased cell mortality and significantly decreased
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proliferation of the surviving cells resulting in improved
treatment outcome compared to gadolinium neutron capture
therapy used alone (12).

Microbubbles (MBs) have the potential to deliver anti-cancer
drugs and/or oxygen for combination therapy in addition to
being used as contrast enhancement agents for ultrasound
imaging (25). MBs have a core-shell structure and can effectively
encapsulate anti-cancer drugs. The US targeted MB destruction
(UTMD) technique has been applied to increase drug delivery
to the tumors to improve therapeutic effect. Under ultrasound
pulses, MBs undergo stable and inertial acoustic cavitations that
induce a variety of dynamic processes leading to cell membrane
disruption and facilitating intracellular uptake of drugs (25).
When MBs are exposed to an US field, the mechanical wave
causes them to cavitate. Cavitation is a broad term for US-
induced oscillation, and collapse of bubbles (61). For drug
delivery, the US parameters induce mechanical effects that
also have the potential of enhancing the antitumor efficacy
of drugs by increasing microvessel permeability, enhancing
drug penetration through the interstitial space, and increasing
tumor cell drug uptake (61). Enhanced therapeutic efficacy
was demonstrated in vitro using US-targeted MB destruction
with delivery of paclitaxel and oxygen (25). Ligands can be
conjugated to the surface of the drug-loaded MBs to enhance
cancer cell selectivity, as shown by Luo et al. who developed
oxygen-paclitaxel loaded lipid MBs specifically targeted to FR
expressing cells, demonstrating therapeutic efficiency in ovarian
cancer xenograft models (62).

HER2

The EGF receptor (EGFR) (or HER) proto-oncogene family
consists of four transmembrane tyrosine kinase receptors (i.e.,
EGFR, ErbB2, ErbB3, and ErbB4) that play a role in cancer
pathogenesis and has been described as key therapeutic target in
many types of cancer, including ovarian cancer (63).

HER2 (or Erbb2) is a 185 KDa transmembrane glycoprotein
known to be overexpressed in a variety of cancers including
breast, ovarian, cervical, colon, endometrial, esophageal, lung,
and pancreatic cancers (64). HER2 overexpression may confer a
selective growth advantage to the tumor cells making it one of
the most important biomarkers for guiding therapy. HER2 status
determined by IHC and fluorescence in situ hybridization has
been used to guide and predict the efficacy of anti-HER2 therapy
(65). In ovarian cancer, HER2 overexpression has been reported
as highly variable. A broad range of HER2 expression frequencies
has been found based on IHC results, from 0 to 100% with an
average frequency equal to 40% among malignant ovarian tumors
across all studies (63). HER2 overexpression contributes to poor
survival, and patients with HER2 positive tumors are treated
with trastuzumab, a monoclonal antibody targeting HER2 that
received FDA approval.

Because of the significant interest in quantifying changes
in HER2 expression non-invasively, several antibodies and
antibody fragments including affibodies and nanobodies have
been developed as imaging agents. Those agents were then used
to quantify HER2 expression non-invasively and to assess HER2
positive tumor response to therapy. Radiolabeled trastuzumab,

897r-trastuzumab, has demonstrated HER2 specific uptake in
patients with metastatic breast cancer (26). Similarly, 3°Zr-
pertuzumab, another HER2 targeted antibody that inhibits
dimerization of HER2, has shown promise in detecting HER2
positive tumors in preclinical models and in patients with
metastatic disease (28-30). The optimal image contrast times for
those intact antibodies are in days, which could potentially limit
their routine use in the clinic. Therefore, varieties of agents that
would allow image acquisition within hours after injection have
been investigated to improve clinical use. For example, affibody
and nanobody molecules labeled with a variety of radionuclides
including '®F, ®Ga, and !'!In have shown promise in detecting
HER2 positive ovarian tumors within hours after the radiotracer
injection (66, 67). Such agents could be used to pre-screen
patients for HER?2 targeted therapies and for real-time assessment
of tumor response to therapy.

Imaging is also uniquely positioned to inform on the
drug activity in real-time in the tumor. In patients, multiple
mechanisms contribute to trastuzumab resistance and imaging
has the potential to relate drug exposure at the tumor to response
to therapy. In a study by Gebhart et al. radiolabeled trastuzumab
was investigated in patients for non-invasive quantification of
HER2 expression (27). Nearly one third of the breast cancer
patients with tumors expressing HER2, as confirmed by IHC,
showed little or no uptake of 3°Zr-trastuzumab across their
metastases. Those data suggest that penetration of a drug, in
this case 8 Zr-trastuzumab, into tumor tissue does not solely rely
on target presence and that molecular imaging could provide
insights into tumor response to therapy. Although those data
were acquired in breast cancer patients, the results could have
implications for all solid tumors, including ovarian cancers.

Ovarian cancer spreads through the intraperitoneal cavity
contributing to significant morbidity and mortality. Low
toxicity treatments for intraperitoneal disease are few and
an unmet medical need. Intraperitoneal chemotherapy has
improved survival but it is not a standard option and carries
life-threatening toxicity (68). Targeted radiopharmaceutical
therapy delivers the radiation directly to the target expressing
cancer cells thus enhancing efficacy and limiting toxicity. Such
radiopharmaceutical therapies are often delivered using a-
and B-emitting radionuclides. Those radiotherapeutics provide
multiple advantages including cross-fire effect and abscopal
response that is not generally observed with conventional
systemic therapies (9). The overexpression of HER2 and high
selectivity of trastuzumab have been exploited to develop
radioimmunotherapy. Trastuzumab radiolabeled with a- and p-
emitting radionuclides have been investigated for the treatment
of disseminated peritoneal disease and tumors with HER2
expression (31). The B-emitting 177Lu radiolabeled transtuzumab
is being investigated in patients providing a theranostic
approach to HER2 overexpressing cancers (32). Similarly,
initial studies with B-emitting radioimmunotherapeutics
of TAG-72, tumor-associated glycoprotein 72, for treating
ovarian cancer have shown promise (69-71). However,
the failure of anti-MUC1 HMFGI antibodies conjugated
with 2°Y, a B-emitter, to improve survival in patients with
intraperitoneal disease in Phase-III trials have prompted
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further investigation of a-particle therapies in ovarian cancer — has been shown to induce effective cell killing of HER2
patients (72). expressing SKOV3 cells, in subcutaneous and disseminated
a-emitter therapy has been gaining attention for treating  peritoneal ovarian cancer preclinical models (11). The
ovarian cancer with intraperitoneal dissemination. a-particles  antibody-photosensitizer conjugate consisted of trastuzumab
are highly suited for targeting single cells or small tumor and IR700DX. The antitumor effect was observed in both
clusters as they have a short range in tissues (< 100uM)  models after repeated light exposure, highlighting the
with high linear energy transfer that deposits a localized  potential role of NIR-PIT to treat disseminated peritoneal
irradiation generating highly cytotoxic double strand breaks  tumors (11).
in the DNA (73). Intraperitoneal radioimmunotherapy using Liposomes have been described in multiple studies as
212Pb conjugated to trastuzumab, an a-emitter, in a first-in-  effective targeted drug delivery systems for cancer therapy.
human study was found to be safe with patients showing a  In the context of ovarian cancer, Han et al., have developed a
trend of decreasing tumor growth and blood-based biomarkers  liposome conjugated with a recombinant protein, EC1-GLuc,
with increasing administered radioactivity (33). In another  fusion of EC1 peptide, an artificial ligand of HER2, with
study Hallqvist et al, investigated intraperitoneal a-particle  Gaussia luciferase (GLuc) for bioluminescent imaging (34).
therapy using MX35, the antigen-binding fragments-F(ab’)2-ofa ~ This ECI1-GLuc-liposome could be an effective theranostic
mouse monoclonal antibody, conjugated with a-emitter 2! Atin  system for HER2-overexpressing metastatic ovarian carcinoma
epithelial ovarian cancer patients (35). MX35 F(ab’)2 fragment by combining targeted imaging to drug delivery. In vitro
targets the cell surface glycoprotein NaPi2b (SLC34A2) that is  experiments revealed selective targeting and internalization
expressed on more than 90% of human epithelial ovarian cancers ~ of the ECI1-GLuc-liposome into HER2-overexpressing
(74). Long-term follow up of those patients showed no apparent ~ SKOV3 cells. To assess the intracellular delivery, a cell-
signs of radiotoxicity and no decreased tolerance to relapse  impermeable fluorescence dye (HPTS) was encapsulated
therapy, thus paving the way for the use of a-particle therapy in ~ in EC1-GLuc-liposome and delivered into SKOV3 cells. In
ovarian cancers. vivo, EC1-GLuc-liposomes targeted and delivered HPTS to
Ovarian cancer is a great candidate for NIR-PIT as the  metastatic SKOV3 tumors, as shown by bioluminescence
light can be applied during cytoreductive surgery. NIR-PIT  imaging (34).

S8 ., ‘
; CD31 3 g™

15 min

FIGURE 3 | (A) Transverse endovaginal (EV) low mechanical index reference B-mode ultrasound image of the right ovary in a 50-year-old woman showing a 5.2-cm
cystic and solid lesion (yellow arrows point to solid portion). (B) 13 min post iv injection of KDR-targeted contrast MBs (MBKDR), strong imaging signal is seen in the
solid portion of the lesion (yellow arrows) on contrast mode ultrasound molecular image. (C,D) IHC performed on adjacent tissue sections demonstrating strong KDR
expression on tumor-associated neovasculature (CD31+) (red arrows). (E) Histology showing endometrioid carcinoma. (F) Transverse endovaginal low mechanical
index reference B-mode ultrasound image of right ovary showing a 4.8-cm cystic and solid ovarian lesion (yellow arrows point to solid portion) in a 65-year-old
woman. (G) 15min post iv injection of MBKDR, only minimal background signal is seen in 1.3-cm solid part of the lesion (yellow arrows) on contrast mode ultrasound
molecular imaging. (H,l) IHC demonstrating minimal KDR expression (green arrow) on CD31+4 vasculature. (J) Histology showing benign serous cystadenofibroma.
Adapted with permission from Willmann et al. (37).
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FIGURE 4 | (A) IR700, RFP fluorescence, and luciferase activity in extracted mesentery from a SHIN3-luc-RFP tumor bearing mouse 3 h after i.p. injection of

GSA-IR700. IR700 fluorescent signal and luciferase activity were mostly coincident with RFP positive foci. (B) in vivo serial IR700 fluorescence images of SHIN3-RFP

(upper row) and SHIN3-luc (lower row) of tumor-bearing mice after administration of GSA-IR700. The distribution of GSA-IR700 correlated with the fluorescence of
(Continued)
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FIGURE 4 | RFP or luciferase activity without evident accumulation in other organs up to 6 h after GSA-IR700 administration. (C) BLI of SHIN3-luc tumor bearing mice
was obtained every day up to day 7. Luciferase activity decreased only in the NIR-PIT group. (D) Quantitative analysis of BLU ratio. Significant suppression of
increment of BLU ratio was seen in the NIR-PIT group compared to other groups. Adapted with permission from Harada et al. (38).

EGFR

Epidermal growth factor receptor (EGFR, ErbB1, HER1) has
been described as overexpressed in ovarian epithelial cancer
of all histologic subtypes. IHC studies reported highly variable
levels of EGFR expression among malignant ovarian tumors
with results ranging from 4 to 100% of ovarian carcinomas
expressing EGFR, and an average frequency of 48% across
all studies (63). Leveraging that expression, NIR-PIT targeting
EGFR has been applied to treat primary tumors as well as
to target metastases. Residual micrometastases are difficult to
detect by current imaging techniques and escape standard
treatments. Ovarian cancer metastases spread by hematogenous
and lymphatic routes and also through peritoneal dissemination.
Removal of peritoneal metastases have been shown to improve
overall survival in ovarian cancer patients, however, diffuse
peritoneal dissemination often consists of a large number of
unresectable sub-millimeter lesions that contribute to disease
recurrence. To monitor and treat disseminated micrometastases,
Spring et al., developed an EGFR targeting dual function
activatable immunoconjugate (36) and demonstrated the efficacy
of activatable PIT in an OVCARS5 peritoneal micrometastases
model (36). That strategy allowed enhanced contrast imaging and
selective delivery of therapy to micrometastases while decreasing
background fluorescence and toxicity to vital tissues (36). In
those studies, a benzoporphyrin derivate (BPD) was used as NIR
photoactivatable cytotoxic chromophore. To achieve optimized
tumor specificity and quenching, seven BPD conjugates were
combined to EGFR targeting cetuximab antibody (Cet-BPD).
Cet-BPD conjugates were trafficked to lysosomes through EGFR
internalization, and degradation pathway. Intracellular release
and dequenching of BPD led to activation of fluorescence
emission resulting in phototoxicity. Furthermore, use of a
fluorescence micro-endoscope allowed quantification of in vivo
pharmacokinetics of the immunoconjugate and monitoring of
metastatic burden reduction without the need of surgery and
with a reduced non-specific phototoxicity, demonstrating the
potential impact of the approach for metastatic disease.

New Directions

Several new targets and approaches are being evaluated for
ovarian cancer targeting with an emphasis on improving
detection and applications in image-guided surgery. A first-
in-human clinical trial using ultrasound molecular imaging in
patients with breast and ovarian lesions was recently performed
(37). In that study, a kinase insert domain receptor [KDR]
targeted clinical-grade microbubble contrast agent [MBKDR]
was used. KDR is one of the key regulators of neoangiogenesis
in cancer and angiogenesis plays a crucial role in the progression
of ovarian cancer and metastases (75). As a phase I, the
aim of the study was to assess safety and quantify KDR
expression using the gold standard IHC. Patients with focal

ovarian or breast lesions were intravenously injected with
MBKDR, followed with ultrasound molecular imaging and then
underwent surgical resection of the lesions. Those resected tissues
were immunostained for CD31 and KDR. Results from those
studies showed that MBKDR was well tolerated, and that KDR
expression on IHC correlated with US imaging signal in 85%
of malignant ovarian lesions, as shown in Figure 3. A robust
KDR-targeted signal was observed in 77% of malignant ovarian
lesions and absence of signal was noted in 78% of benign
lesions (37).

NIR-PIT studies often use antibody as targeting moiety. A
non-antibody derived NIR-PIT agent was developed by Harada
et al, and tested in a disseminated ovarian cancer model
(38). Galactosyl serum albumin (GSA) that is composed of
galactose molecule conjugated to albumin via carboxyl groups
was used. This construct can bind to beta-D-galactose receptor, a
surface lectin, which is overexpressed in many cancers, including
ovarian cancers. beta-D-galactose receptor is quickly internalized
after binding to ligands. The agent was tested using SHIN3
cells that overexpress galactose receptor and produces diffuse
peritoneal dissemination (38). GSA-IR700 probe accumulated
specifically in the tumor, and repeated regimens of NIR-
PIT improved the treatment efficacy by increasing the depth
of GSA-IR700 delivery into tumor nodules (Figure4). The
study showed specific delivery of GSA-IR700 to the tumor
(Figures 4A,B), and reduction of the metastatic burden after
NIR-PIT (Figures 4C,D).

Nearly 50% of primary ovarian cancers show enhanced
enzymatic activities of B-galactosidase compared to normal
ovaries (76) and has been a focus of enzymatically activated
fluorescence probe development to visualize ovarian cancer
metastases (39, 40). Asanuma et al., developed a membrane-
permeable HMRef-BGal allowing visualization of metastases of
<1 mm in diameter in the peritoneal cavity after intraperitoneal
administration of the fluorescence probe (40). More recently,
a topically-sprayable and activatable fluorescent probe was
developed to detect cancer, that would eliminate the need for
an iv injection pre-surgery. After activation by the enzyme
B-galactosidase, SPIDER-BGal can be retained within cells by
anchoring to intracellular proteins. SPIDER-PGal was tested
in vitro on different cancer cell lines and ex vivo on tumor
tissues (39). SPIiDER-BGal when compared to yGlu-HMRG,
a probe activated by y-glutamyltranspeptidase, demonstrated
high sensitivity for detection of ovarian cancer metastases in
the peritonium in a mouse model (39). SPIDER-BGal presented
higher signal retention, and improved contrast of the tumor
margin, as compared to yGlu-HMRG. Additionally, SPiDER-
BGal resulted in a high target-to-background ratio due to an
intense enhancement within the tumor and those signals lasted
up to 60 min after activation (39). These results demonstrated
the potential applications of SPiDER-PGal targeted probes
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for laparotomic and endoscopic detection of primary tumors
and metastases.

CONCLUSION

The increasing use of genomic and epigenomic information
from cancerous tissue is providing new insights into the
genetic abnormalities, pathway alterations and target expression,
allowing for improved understanding and classification of
ovarian cancers. Assimilation of those advances combined
with the availability of highly specific probes, chemistry and
radiochemistry methods are likely to enhance the potential
of theranostic approaches that are already showing promise.
Ovarian cancer is also highly suitable for optical imaging
applications for surgical guidance. Both preclinical and clinical
studies have demonstrated the utility of fluorescent probes
for tumor detection during cytoreductive surgery and the
development of handheld devices will further increase their
use. Although MRI-based studies of ovarian cancer are limited
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Background: Peritoneal dissemination is common in advanced ovarian cancer. The
completeness of cytoreduction is an independent prognostic factor. The intraoperative
fluorescence imaging via tumor-specific near-infrared fluorophore might improve
staging and surgical completeness. A promising target for ovarian cancer is the
gonadotropin-releasing hormone receptor (GnRHR). This study aimed to develop a
GnRHR-targeted near-infrared imaging probe for the detection of peritoneal metastases
of ovarian cancer.

Methods: Indocyanine green (ICG) was conjugated with GnRH antagonist peptide to
develop an ovarian cancer-selective fluorescence probe GnRHa-ICG. GnRHR expression
was detected in ovarian cancer tissues. The binding capacity of GnRHa-ICG and ICG
was detected in both cancer cell lines and mouse models of peritoneal metastatic
ovarian cancer using fluorescence microscopy, flow cytometry, and near-infrared
fluorescence imaging.

Results: Tissue microarray analysis revealed the overexpression of GnRHR in ovarian
cancer. GNRH-ICG exhibited the binding capacity in a panel of cancer cell lines with
different expression levels of GnRHR. In ovarian cancer mouse models, GnRHa-ICG
signals were detected in peritoneal tumor lesions rather than normal peritoneal
and intestines tissues. ICG showed intensive fluorescence signals in intestines. The
tumor-to-muscle ratio and tumor-to-intestine ratio of GnRHa-ICG was 7.41 £+ 2.82
and 4.37 4+ 1.66, higher than that of ICG (4.60 £+ 0.50 and 0.57 4+ 0.06) at 2h post
administration. The fluorescence signal of peritoneal metastases peaked in intensity at
2 h and maintained for up to 48h. ICG also showed a weak signal in the tumor lesions
due to the enhanced permeability and retention effect, but the intensity decreased quickly
within 48 h.

Conclusions: The developed GnRHR-targeted imaging agent GnRHa-ICG could
specifically detected peritoneal tumor lesions from normal peritoneal and intestines
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tissues because of the modification of GnRHa to ICG. The plateau period of GnRHa-ICG
accumulation may be feasible for clinical applications in fluorescence-guided surgery.
Our GnRHR imaging concept may be effective in other hormone-related tumors with
upregulated GnRHR expression.

Keywords: targeted imaging, near-infrared fluorescence, gonadotropin-releasing hormone receptor, indocyanine

green, ovarian cancer

INTRODUCTION

Among all gynecologic malignancies, ovarian cancer is the most
common cause of death worldwide (1). The 10-year survival
rate is only 15% for patients diagnosed with stage III-IV
disease (2). Unfortunately, over 80% of cases are diagnosed
at advanced stages. Currently, cytoreductive surgery remains
the cornerstone of treatment for advanced ovarian cancer.
The completeness of cytoreduction is associated with local
recurrence rates and clinical outcomes (3). The median survival
time of patients who undergo complete resection of all visible
disease (RO) is 99.1 months, and the corresponding durations
for patients with residuals of 0.1-1cm or >lcm are 36.2
or 29.6 months, respectively (4). Patients with RO resection
seem to have the best overall outcomes (5). However, the RO
resection rate is only 8.1% in patients with stage IV epithelial
ovarian cancer and 51.2% in patients with stage IIIC or IV
ovarian cancer after neoadjuvant chemotherapy (6, 7). Successful
cytoreduction relies on the accurate localization of cancerous
lesions, especially minimal residual diseases, followed by their
complete resection.

Traditional imaging approaches, such as ultrasound, CT, and
MRI, are more suitable for pre- and post-operative assessment.
The combination of real-time fluorescence imaging and tumor-
targeted fluorophores can transform the paradigm of surgery
through the accurate intraoperative differentiation of cancer
from adjacent normal tissue (8). Such an approach might
improve staging and survival rates.

Over the past two decades, researchers have attempted to
improve the fluorescence imaging system, identify potential
targetable biomarkers, and develop tumor-specific fluorophores
for clinical applications (9-11). In particular, near-infrared
fluorescence (NIRF) imaging is advantageous for clinical
use owing to its improved penetration depth and limited
autofluorescence compared with visible-light fluorescence
imaging (12). Indocyanine green (ICG) is the first FDA-approved
near-infrared fluorophore and has been widely used in clinical
angiography and lymphography. Through binding with serum
proteins, ICG has also been used to nonspecifically detect
cancers as a result of an enhanced permeability and retention
(EPR) effect (13). The EPR effect for large particles (proteins,
macromolecules, and liposomes) has been widely observed
in solid tumors, mainly because of extensive angiogenesis,
leaky vasculature, and impaired lymphatic drainage (14).
However, this may not be ideal for the detection of ovarian
cancer metastasis, owing to nonspecific signals (for example,
inflammation) (15). The need for tumor-specific near-infrared
agents remains.

A promising target for ovarian cancer is the gonadotropin-
releasing hormone receptor (GnRHR). High-affinity GnRHR
binding spots have been reported in 78% of ovarian cancers
as well as in other hormone-related cancers (85% of
endometrial cancers, 50% of breast cancers, and 86% of
prostate cancers) (16, 17). Hence, GnRHR may be a good
target for imaging purposes. As a ligand of GnRHR, GnRH
peptide has already been conjugated to cytotoxic drugs or
nanoparticles for targeted therapy and has shown strong
antitumor activities.

In this study, we report the use of a molecular imaging
probe using GnRH peptide, a specific and high-affinity GnRHR
ligand, conjugated to the near-infrared fluorophore ICG.
GnRHa-ICG showed specific binding capacities to GnRHR-
positive cancer cells and effectively distinguished peritoneal
metastases from adjacent normal tissue in ovarian cancer
mouse models.

MATERIALS AND METHODS

Analysis of the Cancer Genome Atlas
(TCGA) Data

Transcriptome profiling data related to samples of ovarian
cancer, breast cancer, endometrial cancer, and prostate cancer
were downloaded from the TCGA data portal (2019). The
GnRHR mRNA expression level is presented as FPKM-UQ
(Upper Quartile normalized Fragments Per Kilobase to transcript
per Million mapped reads).

Cell Culture

A total of six cell lines were used for the experiments, including
human ovarian cancer cell lines (A2780, CAOV-3, ES-2, and
HeyA8), immortalized human normal ovarian surface epithelial
(OSE) cells, and the human lung cancer cell line H1299. All
cell lines were archived in our laboratory. Cells were cultured in
RPMI-1640 medium containing 10% fetal bovine serum.

Histology

Tissue microarrays comprising 56 high-grade serous ovarian
cancer tissue samples were obtained from the tissue bank of
the Obstetrics and Gynecology Hospital of Fudan University
after Ethical Committee approval. The slides were stained with
standard hematoxylin-eosin (HE) and immunohistochemistry
(IHC) staining using a 1:100 dilution of GnRHR antibody
(ab183079, Abcam). The GnRHR expression level was
categorized as low, medium, or high.
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Western Blot

Protein lysates were obtained using cell lysis buffer supplemented
with protease inhibitor. Proteins were separated by SDS-
PAGE and transferred onto nitrocellulose filter membranes
(Millipore). The membrane was incubated with the following
primary antibodies: GnRHR antibody (Abcam, ab183079)
and B-tubulin (Absin, abs830032). Proteins were visualized
by chemiluminescence using the ImageQuant LAS4000
system (GE).

Synthesis of GnRHa-ICG

The peptide sequence of GnRH antagonist Cetrorelix (D-2-Nal-
D-4-Cl-Phe-D-3-Pal-Ser-Tyr-D-Cit-Leu-Arg-Pro-D-Ala-NH,)
was adopted as the GnRHa peptide. GnRHa peptide (>95%
purity) was synthesized using standard solid-phase methods
(GL Biochem Ltd., Shanghai, China). Fluorescein isothiocyanate
(FITC) was labeled on the N-terminus of the peptide by an Acp
(amino caproic acid) linker. For the synthesis of GnRHa-ICG,
GnRHa peptide (3 mg) and 20 pL of N, N-diisopropylethylamine
were added into 0.5mL of ultra-dry DMF and reacted for
10 min under nitrogen protection. ICG-NHS (1 mg) was added
into the solution and continued reacted for 12h at room
temperature. The mixture was precipitated using 5mL of ether.
The obtained solid was dissolved with methanol and subjected to
high performance liquid chromatography (HPLC) purification
(Eluent: water/methanol) to obtain the green solid (2 mg). The
final products of GnRHa-FITC and GnRHa-ICG were identified
by analytical HPLC and MALDI mass spectroscopy.

Fluorescence Microscopy

The cells were placed in an 8-well chamber slide (Ibidi)
and grown to ~60% confluence. A2780, CAOV-3, ES-2, and
HeyA8 cells were incubated with 100 pmol/L GnRHa-FITC,
and A2780, OSE, and H1299 cells were incubated with 20
pmol/L GnRHa-ICG or ICG (Sigma-Aldrich) for 60 min at
37°C. After incubation, the cells were washed with PBS, fixed
in 4% paraformaldehyde, labeled with WGA Alexa Fluor 594
conjugate or WGA Alexa Fluor 488 conjugate (Invitrogen), and
mounted with DAPI. These samples were analyzed using TCS
SP5 confocal microscopy (Leica). For quantitative analysis, the
mean fluorescence intensity was calculated using Image] software
(version 1.50 g).

Flow Cytometry

A2780 and OSE cells were placed in 6-well plates, grown to ~70%
confluence, and then incubated with GnRHa-FITC (20 pwmol/L)
or GnRHa-ICG/ICG (10 wmol/L) for 30 min at 37°C. For the
blocking experiments, cells were pretreated with 100 pwmol/L
GnRHa peptide for 10 min and then incubated with 2 pmol/L
GnRHa-ICG for 30 min at 37°C. Samples were measured on a
CytoFLEX flow cytometer (Beckman Coulter) or a FACSAria
flow cytometer (BD Biosciences). All samples were examined
in triplicate. Data were analyzed using Flow]Jo software (version
X 10.0.7).

Cell Viability Assay

A2780 cells were seeded in 96-well plate and grown to ~40%
confluence. Cells were incubated with GnRHa-ICG at different
concentrations: 0, 1, 10, and 100 pmol/L. Each group had 4
sub-wells. After exposure for 48 h, cell viabilities were assessed
by Cell Counting Kit-8 assay (Dojindo). The absorbance at
450 nm (reference wavelength: 630nm) was measured with a
microplate reader.

Animal Model

The xenograft model for metastatic ovarian cancer was
previously described (18). Female Balb/c nude mice (5-6 weeks
old) were intraperitoneally injected with 1 x 107 A2780 cells.
Tumors were allowed to grow for 2-3 weeks. The Institutional
Animal Care and Use Committee of Fudan University approved
all protocols presented in these studies.

Near-Infrared Fluorescence Imaging

For ex wvivo GnRHa-ICG and ICG (0, 1, 10, and 20
pmol/L) imaging, fluorescence signals were taken using
the IVIS Lumina K imaging system (PerkinElmer) and
the clinically used Fluorescence Navigation system (the
FloNavi, Optomedic Technique Inc.,, Guangdong, China).
For intraperitoneal metastasis imaging, 0.72pmol/kg of
GnRHa-ICG or ICG was injected intraperitoneally
mice. Mice were sacrificed at the indicated times (n =
3 per group), and the abdominal cavities were exposed.
Fluorescence images were obtained using the IVIS Lumina
K imaging system (PerkinElmer) with a 780nm excitation
filter and an 845nm emission filter. For ex vivo imaging,
xenografts and organs were immediately dissected and analyzed
after sacrifice.

Fluorescence signals were quantified as the average radiant
efficiency ([p/s/cm?/sr]/[WW/cm?]) using the Living Image
software. The fluorescence intensity was measured by drawing
a region of interest (ROI) around the area. The tumor-
to-background ratio (TBR) was calculated as the average
fluorescence intensity of the tumor divided by that of the skeletal
muscle or intestine.

in

In vivo Toxicity Test

The toxicity of GnRHa-ICG was determined in Balb/c nude
mice (n = 4). Two groups received intraperitoneal injections of
1.5 mg/kg GnRHa-ICG and were followed for 2 and 96 h. The
control group received vehicle alone. Blood draws were done
to assess alanine transaminase (ALT), aspartate transaminase
(AST), blood urea nitrogen (BUN), creatinine (CREA), white
blood cells (WBC), and red blood cells (RBC). Tissues of
the heart, lung, liver, spleen and kidney were harvested for
HE staining.

Statistical Analysis
Student’s ¢-tests were used to compare the intensities. Values of P
< 0.05 were considered significant and reported as mean =+ SD.
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RESULTS

GnRHR Is Overexpressed in Human

Ovarian Cancer

To evaluate the relevance of GnRHR as an imaging target
in human ovarian cancer, we first analyzed 373 cases of
serous ovarian cancer from TCGA datasets. GhnRHR mRNA
expression was found in 89.5% of these samples (Figure 1A).
In addition, 97.5% of breast cancers, 79.1% of endometrial
cancers, and 97.1% of prostate cancers in the TCGA datasets
also expressed GnRHR (Figure 1B), suggesting that GnRHR
targeting may be effective in other hormone-related tumors. In

addition, we analyzed GnRHR expression in various normal
tissues from the Genotype-Tissue Expression (GTEx) Portal
database. Higher expression of GnRHR mRNA was observed
in ovaries than in other tissues in the abdominal and pelvic
cavities (Figure 1C). GnRHR expression was confirmed by
IHC analysis of 56 high-grade serous ovarian carcinomas
from our tissue bank. Moderate (10 cases, 18%) and high
(43 cases, 77%) expression of GnRHR was observed in
95% of these tumors (Figure 1D), consistent with previous
studies (17, 19). Collectively, these data suggested that GnRHR
could be a potential imaging target for the detection of
ovarian cancer.
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FIGURE 1 | Gonadotropin-releasing hormone receptor is overexpressed in human ovarian cancer. Scatter plot of the GnRHR mRNA expression level in (A) serous
ovarian cancer, (B) breast cancer, endometrial cancer, and prostate cancer from the TCGA dataset. (C) Relative GhRHR mRNA expression in human normal tissues.
(D) Representative IHC staining for GnRHR in high-grade serous ovarian cancer. (E) Western blot showing GnRHR expression in different cell lines.
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GnRHR expression in cancer cell lines was evaluated
by western blot. The ovarian cancer cell line A2780 and
immortalized normal OSE cells showed high expression levels;
the lung cancer cell line H1299 showed low expression levels
(Figure 1E). Therefore, we selected A2780 and OSE as the
positive controls and HI1299 as the negative control for
further studies.

Synthesis and Characterization of

GnRHa-ICG

ICG was conjugated to the GnRHa peptide (D-2-Nal-D-4-Cl-
Phe-D-3-Pal-Ser-Tyr-D-Cit-Leu-Arg-Pro-D-Ala-NH,). We
chose the peptide sequence of Cetrorelix, a widely used GnRHR
antagonist, which has several amino acids modified from the
natural hypothalamic hormone (20). A schematic diagram of the
molecular structure is shown in Figure 2A. The final product was
identified by analytical HPLC (Figure 2B). The molecular weight

of GnRHa-ICG was 2082 Da. The conjugated near-infrared
fluorophore had an excitation wavelength of 795 nm and emitted
light at 810 nm (Figures 2C,D). Ex vivo fluorescence imaging of
GnRHa-ICG and ICG was obtained using the IVIS Lumina K
imaging system (Figure S1A) and clinically used Fluorescence
Navigation System (Figure S1B).

The Enhanced Cell Binding Capacity of
GnRHa-ICG

To test whether GnRHa peptide was taken up by ovarian
cancer cells, we incubated GnRHa-FITC with different cell
lines. Fluorescence signals were detected in different ovarian
cancer cell lines (Figure 3A). Flow cytometry analysis confirmed
the accumulation of GnRHa-FITC in A2780 and OSE cells
(Figure 3B).

Next, we incubated GnRHa-ICG with cancer cell lines with
different GnRHR expression levels. A significant difference
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FIGURE 3 | Cell binding study of GnRHa-ICG. (A) Representative fluorescence microscopy images of ovarian cancer cells after incubation with GnRHa-FITC. (B) Flow
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in fluorescence intensity was detected between the GnRHR-  the A2780 and OSE cells was 1.56- and 1.34-fold higher,
positive cell lines (A2780 and OSE) and the GnRHR-negative  respectively, than that in the H1299 cells. To control for
cell line (H1299) (Figure 3C). The fluorescence intensity in  nonspecific binding, incubation with ICG alone was performed.
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A significant difference in the fluorescence signal was observed
between ICG (20 uM) and GnRHa-ICG (20 uM) (Figure 3C).
The fluorescence signal was 2.61 and 2.25 times lower than
that with the incubation of GnRHa-ICG in A2780 and OSE
cells, respectively. We further confirmed the accumulation of
GnRHa-ICG in GnRHR-positive cells by flow cytometry analysis
(Figure 3D). In addition, competition of GnRHa-ICG with
unlabeled GnRHa resulted in a partial reduction in fluorescence
intensity (Figure 3E). To address concerns of possible side effects
caused by GnRHa-ICG, we assessed the tumorigenic potential of
GnRHa-ICG exposure by assessing the cell viability of GnRHR
positive A2780 cells. Our results indicated that a 48-h exposure
does not increase cell viability (FigureS2). Taken together,
these results demonstrated the GnRHR-specific binding capacity
of GnRHa-ICG.

GnRHa-ICG Specifically Recognized

Peritoneal Metastases of Ovarian Cancer
Common metastasis sites of ovarian cancer include the
omentum, mesentery, and intestine. To evaluate its specificity

for in vivo cancer imaging, we injected GnRHa-ICG and ICG
intraperitoneally into a mice model of metastatic ovarian cancer
and control mice. Mice were sacrificed 2 h after injection, and
fluorescence images were obtained and NIRF signals analyzed
using the IVIS Lumina K imaging system (Figure 4A). Separate
fluorescence intensities of the tumor and background (muscle
and intestine) per dose group are shown in Figure S3. A dose
of 1.5 mg/kg was considered for the following experiments
because of the higher TBR. In tumor-bearing mice, GnRHa-ICG
specifically localized to peritoneal tumors, while accumulation
of ICG was observed not only at the tumor site but also
in the intestine. Control mice injected with GnRHa-ICG
did not show fluorescence signals, which indicated a low
background in normal tissues. In contrast, the intestine exhibited
high fluorescence signals in normal mice injected with ICG.
The corresponding ex vivo imaging of the intestine with
mesenteric metastasis is shown in Figure 4B. Tiny tumor nodules
(~1mm) on the mesentery could also be visualized while the
intestine exhibited few fluorescence signals after GnRHa-ICG
administration. The intraperitoneal lesions were also confirmed
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by pathology and exhibited GnRHR overexpression and the
accumulation of GnRHa-ICG (Figure 4C).

Metastases of ovarian cancer are widely spread in the pelvic
and abdominal cavities, and both the intestine and muscle were
considered as the background. To further evaluate the capacity
of GnRHa-ICG for distinguishing peritoneal metastases from
background tissues, the fluorescence intensities of the tumor,
intestine, and muscle were collected at 0.5, 2, 24, and 48h
(Figure 4D). GnRHa-ICG exhibited few fluorescence signals in
the intestine and muscle tissues at any time point. ICG exhibited
higher fluorescence signals in the intestine tissues than in tumors
before 24 h and similar fluorescence signals in both tissues after
24h. The TBR is shown in Figure $4. The TBR of GnRHa-
ICG was stable between 2 and 48h. Although the TBR of
ICG increased after 24h because of the EPR effect and fast
clearance, the fluorescence intensities of the tumor decreased
quickly and might have influenced the detection of tumor signals.
Furthermore, according to a previous study, the clinical use of

ICG based on the EPR effect was not viable owing to a high
false-positive rate, especially in lymph node and inflammatory
tissues (15). In the present study, ex vivo imaging of the brain
did not show fluorescence signals compared to the tumor and
ovarian tissues, which indicated limited binding of GnRHa-
ICG to the hypothalamic GnRHR receptor (Figures S5A,C). In
addition, fewer fluorescence signals were detected in the benign
retroperitoneal lymph nodes than in the tumor (Figures S5B-C).

These data suggested that GnRHa-ICG could specifically
recognize metastatic lesions from peritoneal normal tissues and
intestine tissues, and the modification of GnRHa improved the
capacity of ICG for tumor imaging.

Dynamics and Biodistribution of
GnRHa-ICG

To evaluate the biodistribution of probes, the fluorescence
signals of ex vivo tumor and organs were collected at 2h
post administration. Confocal imaging of A2780 xenograft

GnRHa-1CG Overlap

Tumor

Intestine

(o} GnRHa-ICG
3x10%+
>
Q
g 2x10°
— 2% -
Q
= T
L
€
E 1
S 1x10 ]
©
& i T
0- T T T T T T .‘
o 'bé QQ 424‘ & @* S .(\Q’ NG
& () N > N 9
ST F T S

HE staining
.

B

Tumor

Muscle

GnRHa-1CG Overlap HE staining

- =)

ICG
6%10°-
: l
[$)
3 4%10°
5 4x10°+
e
w
€
%2*109' T
& T
0~ : * T - T T T *‘
RSP JI NP S s SR P
O » & N () &’ NS
SRV F N

FIGURE 5 | Comparison of biodistribution between GnRHa-ICG and ICG. Confocal microscopy of frozen sections of tumors and other organs in mice injected with
(A) GnRHa-ICG and (B) ICG. (C) Biodistribution of GhRHa-ICG and ICG 2 h after injection.

Frontiers in Oncology | www.frontiersin.org 89

February 2020 | Volume 10 | Article 266


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Liu et al.

GnRHR-Targeted Imaging of Ovarian Cancer

confirmed the high accumulation of GnRHa-ICG, while ICG
also demonstrated a weak signal in the tumor, mainly because of
leaky vasculature and impaired lymphatic drainage in the tumor
tissues (EPR effect) (Figures 5A,B). Additionally, ICG showed
strong fluorescence signals in the liver and intestine. These
results were consistent with the in vivo fluorescence signal. As
shown in Figure 5C, a biodistribution assay of ICG also showed
high fluorescence in the liver and intestine, indicating liver-
intestine clearance, while GnRHa-ICG showed low fluorescence
in the intestine.

The metabolism of GnRHa-ICG in A2780 tumor-bearing mice
was further evaluated. Mice were injected intraperitoneally with
GnRHa-ICG and monitored for 96h. Representative ex vivo
NIRF images of different time points are presented (Figure 6A).
The mean fluorescence intensities of the xenografts and organs
of different time points are shown (Figure 6B). GnRHa-ICG was
cleared mainly through the liver pathway and reached the highest
fluorescence density in the liver at 24 h post administration. The
fluorescence signal of the A2780 xenografts peaked in intensity
at 2 h. The tumor fluorescence intensities were maintained for up
to 48 h and decreased slightly after that. The plateau period (from
2 to 48 h) of GnRHa-ICG specific accumulation may be feasible
for clinical applications in cytoreductive surgery. Although
normal uterus and ovary tissues also showed a slight increase in
fluorescence signals, indicating GnRHR-specific binding of the
probe, the intensities of malignant lesions were high enough to
differentiate them from those of normal reproductive tissues. Few
fluorescence signals were detected in the intestine, kidney, and
other normal tissues.

Toxicity of GnRHa-ICG

Toxicity of GnRHa-ICG was determined in Balb/c nude mice (n
= 4) by measurement of blood panels and hematology. There

was no significant difference observed in ALT, AST, CREA, WBC,
and RBC between the control and test groups. A slight decrease
in BUN was observed 96h after GnRHa-ICG injection, which
may be attributable to dietary factors (Figure 7A). Histological
observation of different main organs did not present any obvious
damage (Figure 7B).

DISCUSSION

Herein, we report a novel targeted imaging probe, near-
infrared fluorophore GnRHa-ICG, and its successful use to
target peritoneal metastases of ovarian cancer in mice models,
suggesting a strong potential for the application of fluorescence-
guided surgery.

Over the past decade, several studies have demonstrated
the potential use of fluorescence-guided surgery in ovarian
cancer. Although studies have shown the capacity to detect
ovarian cancer in real time, existing probes still have some
deficiencies, including poor specificity, insufficient penetration
depth, and side effects. Van Dam reported the first human
trial of folate receptor a-targeted imaging in ovarian cancer
(9). Although this study showed the real-time intraoperative
detection of tumor deposits, the imaging agent FITC has a limited
penetration depth due to its non-NIR fluorescence spectrum.
Vahrmeijer replaced FITC with the NIRF dye Cy7 (OTL38),
which improved the penetration depth, but the agent showed
nonspecific binding in noncancerous lymph nodes (express
folate receptor B) (10). False-positive lymph nodes were also
observed in a phase II trial of OTL38 in ovarian cancer (21).
Sundaram reported a prolactin receptor-specific probe using
placental lactogen (hPL) conjugated to MRI and NIRF imaging
agents and showed improved specificity over currently used
contrast agents (11). However, continuous exposure (16 days)
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to hPL conjugates caused increased activity in ovarian cancer
cells. Thus, the demand for ovarian cancer-specific near-infrared
probes remains.

A significant number of studies on GnRHR-based therapy
have substantiated its applicability, specificity, and safety in
cancer targeting (16). In this study, we introduced GnRHR as
the target for the molecular imaging of ovarian cancer. It is
well established that GnRHR is overexpressed in ovarian cancer
and other hormone-related cancers, even in some hormone-
unrelated cancers (pancreatic cancer, lung cancer, melanoma,
and glioblastoma) (17). The expression of GnRHR in ovarian

cancer tissue is higher than that in normal ovarian tissue
(22). In addition, GnRHR expression is also detected in lymph
node metastasis (23). Consistent with previous studies, our own
analysis confirmed that the majority (95%) of high-grade serous
ovarian cancers express moderate to high levels of GnRHR.
Having demonstrated the specific binding capacity of GnRHa-
ICG in ovarian cancer, we speculate that our GnRHR imaging
concept might also be effective in other tumors with upregulated
GnRHR expression.

Currently, a few viable targets, including the folate receptor
and prolactin receptor, have emerged for optical imaging in
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ovarian cancer. To compare the specificity of these targets, we
analyzed the expression of different receptors in normal tissues
within the abdominal and pelvic cavities, which may be involved
in debulking surgery (GTEx Portal database, data not shown).
Higher expression of GnRHR was observed in reproductive
tissues than in other tissues. However, higher expression of
the folate receptor and prolactin receptor was observed in the
gastrointestinal tract. These results suggested that GnRHR might
have better specificity than the folate or prolactin receptors. The
Lymphadenectomy in Ovarian Neoplasms (LION) trial reported
that the removal of clinically negative lymph nodes was not
associated with longer survival and may cause excess morbidity
and mortality (24). Thus, non-specific binding of noncancerous
lymph nodes should be avoided. Compared to the previously
reported folate receptor a-targeted probe OTL38 (10, 21) or
the clinically used non-specific imaging agent ICG (15), non-
specific binding to benign retroperitoneal lymph nodes was not
observed using GnRHR-ICG in our mice model of metastatic
ovarian cancer.

As the binding ligands of GnRHR, GnRH analogs (both
agonists and antagonists) have been conjugated to various
cytotoxic drugs and shown a high affinity for cancer cells.
Few studies have employed GnRH analogs to achieve targeted
delivery of optical imaging agents (25-27). Existing GnRHR-
targeted agents use GnRH agonists as the binding moiety
and have not been validated in peritoneal metastasis models.
Although many studies have demonstrated the antitumor activity
of GnRH agonists, contrasting results also exist. Schally’s
group reported that a [D-Trp®] GnRH agonist stimulated the
proliferation of ovarian cancer cells at a low dose (28). Unlike
agonists, antagonists competitively bind to GnRHR without
activating the downstream signaling cascade. Several GnRH
antagonists are already commercially available and have various
clinical applications. Thus, we adopted the peptide sequence
of Cetrorelix, a third-generation antagonist, as the targeting
sequence of the imaging agent. Cetrorelix has been reported to
inhibit the growth of ovarian, endometrial, breast, and prostate
cancer, suggesting a potential therapeutic effect as the targeting
moiety (17). In the current study, no obvious tumorigenic
potential caused by GnRHa-ICG exposure was observed in the
ex vivo experiments. In terms of the concern of potential binding
with the hypothalamic GnRHR, fluorescence imaging of brain
indicated limited binding of GnRHa-ICG in the hypothalamus,
which may be due to the peritoneal administration of the drugs
performed in this study. Further animal studies are warranted to
assess the tumorigenic or endocrine potential of GnRHa-ICG.

NIRF imaging is an emerging biomedical imaging modality
for fluorescence-guided surgery because of its significant
penetration depth, light absorption, real-time capabilities, and
absence of ionizing radiation. The first FDA-approved NIRF
dye, ICG, has been in clinical use for more than half a century
and has proven to be safe and feasible. GnRHa-ICG had
the same excitation and emission wavelength as ICG, which
made its clinical application possible. Owing to the EPR effect,
ICG has been used for the intraoperative identification of
cancers, including ovarian, pancreatic, and colorectal cancer (8).
However, the ICG detection of ovarian cancer and metastasis

is not satisfactory because of nonspecific binding. Tummers
reported that despite the successful detection of all metastatic
lesions, 13 nonmalignant lesions also exhibited fluorescence,
resulting in a high false-positive rate of 62% (15). A recent
pilot study revealed that ICG could detect peritoneal metastasis
but was unable to distinguish between benign and malignant
nodules after neoadjuvant chemotherapy (29). Previous studies
have highlighted the need for the development of more specific
probes to detect metastatic ovarian cancer.

In this study, we developed a tumor-specific probe, GnRHa-
ICG, by conjugating ICG with a GnRH antagonist peptide. Both
ICG and the GnRH antagonist (Cetrorelix) were already proven
to be safe in clinical use. GnRHa-ICG showed specific binding to
peritoneal metastases in ovarian cancer mouse models, whereas
ICG was mainly localized to the liver and intestine, consistent
with its liver-intestine clearance. ICG also exhibited a weak signal
in tumors due to the EPR effect, but the intensity decreased
quickly within 48 h. In contrast, the plateau period of GnRHa-
ICG accumulation in metastases lasted for nearly 2 days and
allowed for flexibility in terms of surgery time, which may be
practical for clinical applications. Both ICG and Cetrorelix were
cleared through the liver-intestine pathway. The conjugation of
GnRHa (the peptide sequence of Cetrorelix) to ICG may have
affected the pharmacokinetic and biodistribution properties of
the ICG. Liver metabolism of GnRHa-ICG was significantly
decreased compare to that of ICG. A slight increase in intestinal
signals within the subsequent 96 h indicated that the drug might
be cleared through biliary excretion. Whether there are other
metabolic pathways remains to be investigated. The toxicity of
GnRHa-ICG was assessed, and no obvious hepatotoxicity was
observed in the current study.

Previous preclinical studies have developed several ICG-
based targeted imaging agents. BLZ-100 is a tumor-targeted
imaging agent composed of ICG and the modified CTX
peptide, which targets Annexin A2 on cancer cells (30). BLZ-
100 was successfully validated in canine tumor models and
is being evaluated in phase I clinical trials. Furthermore,
Ogawa conjugated ICG to three FDA-approved monoclonal
antibodies (daclizumab, trastuzumab, and panitumumab) (31),
and a prostate-specific membrane antigen (PSMA)-specific
imaging probe was synthesized by linking ICG to the anti-
PSMA antibody J591 (32). In contrast to previous studies,
we utilized peritoneal rather than systemic administration of
the imaging agent. Since ovarian cancer has a peritoneal
dissemination pattern, imaging agents can bind to malignant
lesions more directly through peritoneal injection. Several studies
have testified the viability of the peritoneal administration
of imaging agents for detecting peritoneal metastasis (11, 33,
34). Nonetheless, systemic administration of the probe will
be attempted to detect distant metastasis or deep lesions in
further studies.

Several limitations exist in this study. Further assessment of
the tumorigenic or endocrine potential of GnRHa-ICG is needed
in molecular levels. The metabolic pathways of GnRHa-ICG
remain unclear. The specificity and sensitivity of GnRHa-ICG
imaging for ovarian cancer lesions should be investigated in a
pilot study.
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In summary, the developed GnRHR-targeting imaging
agent binds selectively to ovarian cancer. The GnRHa-
ICG probe has the potential to aid surgeons in staging
and debulking surgery via intraoperative tumor-specific
fluorescence imaging. Our GnRHR imaging concept may also
be effective in other hormone-related tumors with upregulated
GnRHR expression.
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Metastatic prostate cancer is incurable, and novel methods to detect the disease earlier
and to direct definitive treatment are needed. Molecularly specific tools to localize
diagnostic and cytotoxic radionuclide payloads to cancer cells and the surrounding
microenvironment are recognized as a critical component of new approaches to
combat this disease. The implementation of theranostic approaches to characterize and
personalize patient management is beginning to be realized for prostate cancer patients.
This review article summarized clinically translated approaches to detect, characterize,
and treat disease in this rapidly expanding field.

Keywords: peptide, radionuclide, radiotherapy, alpha particle, prostate cancer

INTRODUCTION

Prostate cancer (PCa) is the most common malignancy in men. In 2019 there were ~175,000 new
cases of PC with >30,000 deaths, yielding enormous personal, societal, and economic costs (1).
For many low-risk patients with primary PCa, “active surveillance” to monitor indolent disease by
serial biopsy and prostate specific antigen (PSA) measures is an appropriate option. If treatment is
desired for primary PCa, standards of care may involve surgical resection, external beam or proton
radiotherapy, and brachytherapy and often are curative. For patients diagnosed with primary PCa,
5-year survival rates exceed 90%. However, for patients with advanced prostate cancer with tumor
cells present at distant sites outside of the prostate there are severe impacts on quality of life and
a low (<30%) 5-year survival rate. Upon metastasis to the bone, the most common site of PCa
metastasis, the 5-year survival rate falls to a dismal 3-5%, making the disease essentially incurable
and the second leading cause of cancer death in men (2-6). Conventional treatments for later-
stage and metastatic disease can involve anti-hormonal therapies, chemotherapies, further use of
radiation, and the use of bone-targeted agents.

An emerging area with significant potential to combat this lethal disease is the use of
theranostic agents that detect PCa with exquisite sensitivity and can precisely ablate these
sites. The implementation of an expanding array of nuclear medicine approaches to accurately
characterize disease status enabling personalized patient management for prostate cancer patients is
beginning to be realized. Advances in radionuclide production and availability, chemical synthesis,
and clinical trial implementation are rapid and ongoing, and new tools and approaches will
undoubtedly emerge in the near future.

In this review, we concisely present molecular imaging and theranostic tools that have been
developed to better delineate, monitor, and treat prostate cancer, with a focus on clinically
implemented radionuclide theranostics. There have been numerous changes in the management
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for prostate cancer patients and the options for treatment in  we describe methods using molecular imaging tools for the
the previous decade. In Figure 1A, a general schematic for the  central oncological driver of the disease, the androgen receptor,
progression of disease in a patient is presented, by following  to read out pharmacological properties of candidate hormonal
their hypothetical disease burden as measured by their secreted  therapy. Next, we describe efforts to target radiopharmaceuticals
PSA (prostate specific antigen) values. Focal treatment options  to receptors overexpressed on the surface of prostate cancer
are available for primary disease sites, followed by different  cells. Finally, we discuss efforts to target imaging and to
systemic treatments at different disease states (Figure 1B). Recent  direct treatment to the microenvironment of the bone-tropic
approvals of several different pharmacological and radiological =~ metastases of this disease.
entities by the FDA/EMA, often for the same indications,
underline the value for molecularly targeted imaging and ANDROGEN RECEPTOR IMAGING WITH
therapeutics to guide and enhance patient outcomes. [18F]_FDHT

The present review helps provide context and an overview of
the new options and methods leveraged to detect, characterize,

The androgen receptor (AR), an intracellular DNA-binding,
and combat disease in this evolving clinical landscape. First,

hormone-responsive transcription factor, is the key molecular
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FIGURE 1 | Contemporary prostate cancer states and systemic treatments. (A) Adenocarcinoma arising in the prostate gland is the second most common cancer in
males, and can be cured with local intervention if detected when still localized to the organ. Disease is often detected by serum PSA measures which also enable
tracking of disease recurrence should initial therapy and subsequent lines of treatment fail. Most commonly, disease control is attempted with hormonal control of the
androgen receptor signaling access through (chemical) castration and the use of androgen receptor inhibitors. (B) The last decade has seen the approval of 8 new
agents for prostate cancer across different disease states. These approvals result from significant survival benefits for patients at multiple lines of treatment. However,
the eventual progression on novel antiandrogens, Radium-223, and chemotherapies leave considerable room for improvement. Despite the number of existing
treatment options, efforts with molecularly targeted radiotherapies are under intense, global, evaluation; as well as to use new imaging agents to better guide drug
development and more accurately characterize disease.
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FIGURE 2 | Quantitative imaging of the androgen receptor. ['F]-FDHT, which annotates the AR, the central molecular driver of prostate cancer development and
progression, is an effective imaging tool to evaluate pharmacodynamic features of candidate therapies. MDV3100 treatment, a second-generation orally bioavailable
anti-androgen, was tested in men with castrate-resistant prostate cancer. (A) Chemical structure of positron-emitting '8F-FDHT and testosterone. (B) MDV3100
serum concentration by dose level. (C) Representative baseline and treatment scans showing marked decrease in radio-androgen uptake in skeletal metastases.
Reproduced from Scher et al. (16) (D) Change in standardized uptake value of ['®F]-FDHT PET for men at baseline compared to 4 weeks of treatment.

driver for male organ development and is the oncological
driver of PCa (7). Activated by binding androgens such as
testosterone in the cytoplasm, the AR then translocates to
the nucleus and stimulates the expression of genes involved
in differentiation and proliferation (8). The effectiveness of
repressing this central AR pathway by androgen-deprivation
therapy was discovered by Huggins over 70-years ago (9,
10), and remains a mainstay of PCa treatment. However,
after an initial response, AR pathway reactivation inevitably
occurs, leading to disease progression. Recently developed, highly
potent anti-androgen molecules can be employed to some
effect, even in late-stage, castrate-resistant PCa [CRPC (11)].
This demonstrates that AR-signaling maintains its central role
over the entire course of disease progression (9, 12), rather
than CRPC becoming AR-signaling independent. Mechanisms

of resistance to anti-androgen therapy in CRPC include AR-
receptor gene amplification, AR-upregulation, local hormone
production, and/or constitutively active AR-mutations (13-15).
Counter intuitively, the term “castrate-resistant” most often
reflects continued androgen dependence, rather than evolved
AR-pathway independence. Thus, even in CRPC disease, the
AR pathway thus remains an appropriate therapeutic and
imaging target.

16[3—[18F]—ﬂuoro—50L—dihydr0testosterone (['®F]-FDHT)
is a positron-emitting analog of the native AR-binding
dihydrotestosterone with a conjugated positron-emitting
radionuclide (['®F]; Figure 2A) and has been used in small
animals studies (17, 18) and in clinical studies to evaluate AR-
expression levels and occupancy (19-21). ['8F]-FDHT positron
emission tomography (PET) enables detection of metastatic
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lesions, as indicated by increased concentrations of AR, and is
being evaluated for its capacity to phenotype lesions in concert
with other conventional imaging modalities (22).

The majority of CRPC escape anti-androgen therapy by AR-
signaling amplification, and hormonal therapies that can inhibit
AR-signaling are a mainstay of treatment for CRPC. Thus,
imaging the expression levels of AR is a viable strategy to measure
receptor density and the pharmacological response to these anti-
androgen therapies (22, 23) (Figures 2B-D). These features have
been exploited in the clinical evaluation of next generation
anti-androgens in early clinical trial to directly quantitate AR-
blockade. Reduction in ['8F]-FDHT uptake and a plateau,
consistent with saturation of AR binding, can be quantitated
directly on a lesional or patient basis (16, 24).

PROSTATE SPECIFIC MEMBRANE
ANTIGEN IMAGING

Prostate Specific Membrane Antigen (PSMA) has emerged as
the pre-eminent prostate cancer target for diagnostic imaging,
assisting efforts to detect disease earlier, monitor recurrence, and
track the progression of disease. PSMA is a robust target for PCa,
with numerous pathological studies reporting elevated PSMA
expression on 85-100% of prostate cancers (25-28). The number
of clinical trials that use PSMA-targeted agents for diagnostic or
therapeutic purposes is large and continues to expand: in the
clinicaltrials.gov database, there are currently over 100 clinical
trials that utilize PSMA for imaging or therapy.

PSMA is a type II transmembrane protein present on the
cell surface, and, interestingly, PSMA contains an extracellular
domain with glutamate carboxypeptidase activity (29). Although
neither the exact physiological role of PSMA nor the reason for
its overexpression on PCa cells is known, it has been used utilized
in the targeting of multiple PSMA-binding small molecules,
many of which are urea based and bind to the enzymatic site. We
note that the use of PSMA as nomenclature to refer to this protein
can be confusing, as this receptor is expressed in multiple non-
prostate-derived tissues including the brain, peripheral nerves,
salivary glands, gut, and kidney. Due to its independent discovery
in multiple tissues, this protein, which we will refer to as PSMA, is
also identified in the literature as glutamate carboxypeptidase II
(GCPII) in the gut and as N-acetyl-L-aspartyl-L-glutamate
peptidase I of NAAG peptidase I (NAALADase I) in
the brain.

An array of agents have been developed that target
PSMA with high affinity, including antibodies and small
molecules. PSMA imaging agents for use in PET imaging and
single-photon emitting computed tomography (SPECT) have
been evaluated in preclinical and clinical settings, using an
array of positron emitting radionuclides such as Fluorine-18,
Gallium-68, Scandium-44 and Zirconium-89, or single-photon
emitting radionuclides such as Technetium-99m and Iodine-125.
Examples of widely tested structures and antibodies are found
in Figure 3. Multiple PSMA imaging agents have been tested in
humans and several have been evaluated in late stage, multicenter,
clinical trials (Table 1).

The first effort to target and image PSMA involved the 7E11-
C5.3 murine antibody, which targets an intracellular epitope of
PSMA (30, 31). Labeled with Indium-111, permitting imaging
by SPECT, this agent was known as capromab pendetide or
ProstaScint and was approved in 1996 for the detection of PCa
lesions (32, 33). This initial PSMA-targeting agent found limited
clinical implementation due to low contrast imaging, likely
resulting from low accessibility in vivo to the intracellular PSMA
epitope, concerns over human anti-murine immune responses,
and competing conventional imaging methods.

A substantial improvement in PSMA imaging was achieved
with the generation of J591, a humanized antibody targeting
an epitope on the extracellular region of PSMA. J591 has been
labeled with radionuclides for both PET and SPECT imaging
of PCa lesions in humans (34-36). However, as antibody and
antibody-fragment derived agents require administration of the
radiolabeled agent several days before effective PSMA/tumor
imaging can be performed, as this time is required for clearance of
the tracer and optimal tumor/background signal. This relatively
longer time frame from administration to imaging, which
requires a return visit of the patient, has reduced enthusiasm for
J591-based PSMA imaging.

Instead, much of the current intense interest in PCa-lesion
imaging using PSMA revolves around PSMA-targeting small
molecules (37). Small molecules can have exquisite targeting
sensitivity and specificity, and they allow a much more rapid
turnaround from agent injection to imaging (minutes to
hours) than do antibodies (days). Also, small molecule agents
that rapidly target PSMA allow the use of short-lived PET
radionuclides, permitting high resolution, and sensitive detection
with a reduced radiation dosed compared to antibody-based PET
imaging methods (38, 39).

A large number of PSMA-targeted small molecules have been
tested for PCa imaging in preclinical models and in humans. An
example of a patient scan with the high affinity fluorinated agent
is shown in Figure 4A. Multiple prospective clinical trials with
targeted small-molecule PSMA imaging agents are underway,
with encouraging results on the sensitivity of detection and
the utility of these tracers in clinical settings (42-44). The
most widely reported clinical imaging has been performed
with PET imaging using radiometal-labeled [®®*Ga]PSMA 617
or [*%Ga]PSMA-11 or using fluorinated [ISF]—DCFPyL (45).
There are currently many options for radionuclide and PSMA-
targeting ligand, and several studies to compare imaging features
have been undertaken. Optimal uptake time, magnitude of
tumor and background organ uptake, and imaging resolution
are dependent on ligand and radionuclide. Logistical and cost
issues are also a consideration. Multiple doses of Fluorine-18
radiolabeled inhibitor are available at institutions with a medical
cyclotron, with the ability to ship agent at greater distances.
Lower upfront costs are required for Gallium-68 isolation on a
%8Ge/%8Ga generator system, however fewer doses are produced
with lower specific activity, and decreased resolution (46-49).

The capacity to perform highly sensitive molecular imaging of
PSMA to detect minute foci of metastatic disease, led by PET-
isotope labeled, PSMA-targeted small molecules, is motivating
a paradigm shift in prostate cancer patient management. For
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FIGURE 3 | PSMA Targeted radiopharmaceuticals. Examples of diagnostic and therapeutic agents targeting Prostate Specific Membrane Antigen. A common
urea-based motif (green) has been widely derivatized for localization at sites of prostate cancer metastases that over-express the membrane-localized PSMA
metalloenzyme. Antibody targeting vectors with high affinity for PSMA have also been labeled with positron, beta-particle and alpha-particle emitting radionuclides.

TABLE 1 | Selected prostate cancer trials for disease detection and radiotherapy treatment of metastatic disease.

CTID Abbreviated titles Purpose Phase Compound Patients Status

NCT02981368  18F-DCFPyL PET/CT imaging in patients with prostate cancer (OSPREY) Diagnostic /Il [18F]-DCFPyL 385 Completed

NCT03739684  18F-DCFPyL PET/CT imaging in patients with suspected recurrence of prostate cancer Diagnostic Il [18F]-DCFPyL 200 Active
(CONDOR)

NCT03392428 177Lu-PSMAB17 theranostic Vs. cabazitaxel in progressive metastatic CRPC (TheraP)  Therapy I [177Lu]-PSMA-617 201  Active

NCT03511664 177Lu-PSMA-617 in metastatic castrate-resistant prostate cancer (VISION) Therapy I [177Lu]-PSMA-617 750  Active

NCT03276572  225Ac-J591 in patients with mCRPC Therapy b [225Ac]-J591 42 Recruiting

NCT03939689 1-131-1095 radiotherapy in combination with enzalutamide in patients with mCRPC Therapy I [131]-MIP-1095 175 Recruiting
(ARROW)

NCT02552394  Radioimmunotheraspy in prostate cancer using 177Lu-J5912 antibody Therapy I [177Lu]-J591 54 Recruiting

example, the ability to rapidly determine lesion response on a PROSTATE SPECIFIC MEMBRANE
given treatment regimen (41, 50, 51), as shown in Figures 4B,C, ANTIGEN TARGETED RADIOTHERAPY

or to target external beam radiotherapy to sites of oligometastatic

disease (52, 53), are means of precise disease control not  Concurrent with the development of the PSMA-targeted
previously possible. Of course, it should be noted that rigorous,  diagnostic agents described above, the application of PSMA-
prospective, controlled and multi-center trials, and statistical  directed targeted radiotherapy of PCa is an ongoing area of
analyses are required before we can be confident that these new  great potential. Here, PSMA-binding ligands are labeled with
tools provide real-world benefit for patients. radionuclides that produce potent cytotoxic decay products,
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from (A)(40) and (B,C) (41).

FIGURE 4 | PSMA PET Imaging. (A) Detection of prostate cancer lesions with ['"8FJDCFPyL, along with uptake in kidneys, salivary gland and liver. (B) Pre-treatment
[68Ga]PSMA-11 and (C) post-treatment PET/CT, top, and CT, bottom, scans obtained on day 9 after initiating combined anti-androgen hormone therapy. Reproduced

without or with the co-emission of imageable photons. Both
beta-particle (Lutetium-177, Copper-67, Iodine-131) and
alpha-particle (Bismuth-213 and Actinium-225) emitting
PSMA-targeted agents are at various stages of drug development
(54-58). It is noteworthy that PSMA-ligands are internalized
by endocytosis after PSMA binding, allowing increased
intracellular levels of residualizing therapeutic radionuclides and
improved potential for tumor-cell killing. Several PSMA-targeted
radiotherapeutic agents have begun to be applied in late stage
metastatic prostate cancer (PCa) patients (58-62); Table 1.

The most developed agent in the PSMA-targeted
radiotherapeutic class is ['77Lu]PSMA-617. [Y77Lu]PSMA-
617 is inherently theranostic in that the decay pathway of
77Lu emits both tumor-cell-killing beta particles and imageable
photons, detectable by planar scintography, and SPECT imaging.
Thus, [77Lu]PSMA-617 allows both therapy and imaging
of agent distribution and uptake with the same agent. The
majority of response data for this agent have been accrued
from retrospective trials that have shown efficacy in reducing
PSA levels with manageable hematological, renal, and salivary
gland toxicity (63-69). Patient characteristics varied to a large
degree with respect to previous treatment, disease stage, and
radiographic and biochemical features (70). Thus, these results
are encouraging as they indicate that there may be a benefit for
patients along the spectrum of disease burden and stage, but
also present a problem as informing to how these agents can be
wielded most effectively. To aid in answering these questions,
well-powered prospective trials with [!7/Lu]PSMA-617 are
now underway.

Great interest has also been generated by the application
of PSMA-617 labeled with 22°Ac, which emits four cell-killing
alpha particles. This agent has been studied in small cohorts
of men in Germany and in South Africa and clinical findings
have generated great interest, Figure5 (58, 71, 72). Alpha
particles emitted from heavy isotopes, such as Actinium-225 and
Radium-223 (described below), have high energies, in the 5-8
MeV range, that produce extremely cytotoxic genomic damage.
Alpha particles also exhibit a much shorter path length than
B-particles, such as those emitted by Lutetium-177. Together,
the radiobiological properties of alpha-particle emitting agents
mean that even small deposits of cancer cells could be eradicated
with appropriate uptake (57), while largely sparing adjacent and
distant tissues because of their short path length. Investigations
with additional alpha-particle emitting theranostics, including
with generator-produced [213Bi]PSMA-617 and [>'>Pb]PSMA-
617 (57, 73), are also being evaluated, which may alleviate
sourcing issues regarding 22> Ac.

However, the expression of PSMA on non-prostate-derived
cells as noted above leads to a major concern in the
application of PSMA-targeted therapies: the on-target but off-
tumor localization. Dosimetric evaluation of the distribution
of the diagnostic and theranostic ligands provides a means to
predict absorbed doses to sites of both healthy and diseased tissue
uptake. Radiosensitive organs, such as the hematopoietic niche of
the bone marrow, kidneys, nerves, and intestine often account
for the dose-limiting activity that can safely be administered
to a patient (74, 75). The major side-effect producing sites of
undesired localization of PSMA-targeted agents identified at
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12/2014
PSA = 2,923 ng/mL

inadvertently treated by these agents. Reproduced from (71).

7/2015
PSA = 0.26 ng/mL

FIGURE 5 | [?®Ga]PSMA-11 Imaging Response to [*°Ac]PSMA-617. Alpha-particle emitting Ac-225 bound to the DOTA chelator-bearing PSMA-617 scaffold was
used to treat a patient following disease progression after several lines of conventional treatment and ['77Lu]PSMA-617. Serial images during the treatment course
reveal significantly less PSMA expression and potential lesion eradication. A decrease in salivary gland uptake is also noted, as it is a site of PSMA expression

1x
225Ac-PSMA

9/2015
PSA < 0.1 ng/mL

this time include the salivary glands and kidney, which highly
express PSMA, are radiosensitive and are critical for survival
and quality of life. Xerostomia from non-repairable damage to
the salivary glands has been reported with 22°Ac-PSMA-617,
with varying degrees of glandular damage observed with 1”’Lu-
PSMA-617. Interestingly, biological targeting vectors such as
77Lu-J591 which do not apparently accumulate in the salivary
glands may have additional utility with the potential for a
favoragle therapeutic window (76, 77). The much longer-onset
effect of severe kidney toxicity has not yet been clinically noted
(63). However, studies to date generally lack rigorous patient
enrollment and follow-up criteria and have not followed patients
for long periods of time. Prospective and randomized trials
will be needed to compare patient benefit against conventional
treatments and the effectiveness of means to reduce these off-
tumor toxicities.

GRPR BOMBESIN

The gastrin-releasing peptide receptor (GRPR) is expressed on
a wide range of cell types in higher mammals, especially in
the nervous system and gastrointesinal tract (78, 79). Small
peptides interact with GPRP to modulate a wide range of cell
and organ functions (80). GRPR is aberrantly overexpressed on
the cell surface of many cancers, including lung, breast, and

prostate cancer (81, 82). The bombesin subfamily is the best
studied GRPR, and a large number of mammalian and amphibian
bombesin peptide analogs have been radiolabeled for cancer
imaging and therapy (82).

Because of the frequent overexpression of GRPR in prostate
cancer, several bombesin radiopharmaceuticals have been tested
in humans for PCa disease detection, including [®8Ga]RM2,
[°8Ga]BAY86-7548, and [**Cu]-CB-TE2A-AR06, among others.
Studies reveal high-contrast detection of disseminated and
primary disease (83-86). While GRPR expression may not
be as ubiquitous on prostate cancer cells as PSMA, there is
no background target expression in the kidneys or salivary
glands. Thus, there may be utility for other prostate cancer
targeted theranostics in addition to PSMA (87), especially in the
GRPR class.

THERANOSTICS FOR THE BONE
METASTASIC MICROENVIRONMENT

The skeletal compartment is the most frequent site of metastases
in prostate cancer patients. These lesions are often painful, and
may also further degrade quality of life through fracture, spinal
cord compression, hypercalcemia, and impaired mobility (3, 88).
Bone metastases occupy a nutrient-rich niche that enhances the
treatment-resistant nature of disseminated tumor cells (89). Early
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detection and specific localized treatment of these disseminated
sites are recognized as necessary components of a successful
strategy to combat bone metastatic prostate cancer.

Conventional imaging modalities for PCa bone metastases
include magnetic resonance and X-ray computed tomography,
which are commonly applied in concert with nuclear
medicine scans for accurate bone lesion detection. [**™Tc]-
bisphosphonates and [*F]-NaF are both bone-seeking agents
that are incorporated at sites of active bone remodeling
adjacent to metastatic foci and are used for imaging. Approved
beta particle-emitting agents for bone pain palliation are
[8Sr]chloride and [**Sm]EDTMP, an ion and phosphonic
acid ligand, respectively, which are taken up at or near sites of
bone metastasis. Both produce imageable emissions for planar
imaging in order to evaluate uptake. Unfortunately, the long
path length of these energetic beta particle emissions result in
irradiation of the bone marrow, a dose limiting organ, and these
agents have not produce survival improvements when evaluated
in clinical trial.

The first bone-targeted radionuclide that aids in pain
palliation and also achieves an overall survival benefit over
standard of care is the alpha-particle emitting [***Ra]Cl, citrate,
tradename Xofigo (90). Radium-223 is a calcium-mimetic and
localizes to sites of active bone turnover, where it subsequently
decays, irradiating nearby prostate cancer cells. The short path
lengths of the alpha particles do not result in anemic responses
and the drug is well-tolerated. While difficult to image, efforts
are underway to provide quantitative assessment of 22*RaCl,
distribution to inform absorbed dose measures at sites of disease
and background organs (91-94).

CONCLUSION

Agents that specifically and sensitively target molecular features
of prostate cancer are being brought to bear to detect, guide,
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Theranostics are nano-size or molecular-level agents serving for both diagnosis and
therapy. Structurally, they are drug delivery systems integrated with molecular or
targeted imaging agents. Theranostics are becoming popular because they are targeted
therapeutics and can be used with no or minimal changes for diagnostic imaging to
aid in precision medicine. Thus, there is a close relation between theranostics and
image-guided therapy (IGT), and theranostics are actually a subclass of IGT in which
both therapeutic and imaging functionalities are attributed to a single platform. An
important theranostics strategy is biological pretargeting. In pretargeted IGT, first, the
target is identified by a target-specific natural or synthetic bioligand followed by a
nano-scale or molecular drug delivery component, which form therapeutic clusters by
in situ conjugation reactions. If pretargeted drug delivery platforms are labeled with
multimodal imaging probes, they can be used as theranostics for both diagnostic
imaging and therapy. Optical and nuclear imaging techniques have mostly been used in
proof-of-concept studies with pretargeted theranostics. The concept of pretargeting in
theranostics is comparatively novel and generally requires a confirmed overexpression of
surface receptors on targeted cells/tissue. In addition, the receptors should have natural
or synthetic bioligands to be used as pretargeting components. Therefore, applications
of pretargeting theranostics are still limited to several cancer types, which overexpress
cell-surface markers on the target cancer cells. In this review, recent discoveries
of pretargeting theranostics in breast, ovarian, prostate, and colorectal cancers are
discussed to highlight main strengths and potential limitations the strategy.

Keywords: theranostics, cancer therapy, pretargeted therapy, drug delivery, nanomedicine, bioorthogonal click
chemistry

INTRODUCTION

Theranostics is a rapidly developing field that combines the unique opportunities offered by
nanotechnology with personalized medicine to provide significantly improved treatment efficacy
with reduced off-target effects through the specific delivery of therapy to targeted tissues.
Theranostic approaches combine imaging that uses one of the non-invasive imaging modalities,
with specific delivery of therapeutic components, which can be based on different biophysical and
biological principles. Theranostics can be synthesized to have optimal delivery properties, low renal
clearance, reduced immunogenicity and antigenicity (for example by PEGylating the surface of
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theranostic nanoparticles), and high capacity for therapeutic
agents, which is required given the limited concentrations of
specific molecular markers expressed on cancer cells.

Theranostics

Theranostic probes can be used for both diagnostic imaging
and therapy (1). For a truly theranostic application, imaging
and therapeutic molecules should be parts of a single platform
functionalized with various moieties for specific recognition of
molecular targets, imaging markers, and therapeutic compounds.
One of the major problems in achieving efficient treatment
in this strategy is the uniform delivery and distribution of
theranostics with therapeutic cargo in the tumor or sufficiently
strong bystander effects of therapy (such as for hyperthermia).
As the distribution of nano-scale drug delivery platforms is
primarily driven by the passive diffusion facilitated by the
enhanced-permeability-retention (EPR) effect, which is present
in some solid tumors, optimization of the molecular size, and
circulation time of nanoplatforms is of paramount importance
for the success of treatment. However, there are additional
biological delivery barriers, such as the desmoplastic tumor
microenvironment (2) and increased interstitial pressure due
to dysfunctional lymphatics in solid tumors (3), which can
modulate the delivery. The presence of a functional blood-brain
barrier in brain tumors presents an entirely new set of problems
with delivery, which is beyond the scope of the current review.
Imaging can help to evaluate the uniformity of delivery, but, to
achieve high efficacy, the design of a therapeutic system must
ensure the effective delivery and distribution of theranostics to
all malignant cells within the cancer.

While the initial distribution of theranostics in tumors is
driven by passive processes and needs to be optimized based
on the intrinsic physicochemical properties of platform, specific
retention and cell delivery is typically controlled by active
targeting of theranostic to specific molecular targets present on
cancer cells using high-affinity molecules, such as antibodies,
antibody fragments, affibodies, peptides, etc. It is important to
note that, while unique, highly specific molecular targets are
preferable for the application of highly cytotoxic theranostics,
the initial delivery of theranostics rely on the tumor-specific EPR
effect. The “binding site barrier” is a critical factor in targeted
drug delivery (4, 5). This issue can be circumvented in theranostic
design using biomolecules as platforms and keeping the size of
components in subnano level (6).

Pretargeting Theranostic Approach

Important criteria that should be fulfilled for a truly theranostic
platform is that the imaging data must provide meaningful
information, which can be used to make critical decisions
regarding the therapeutic procedure. In pretargeting therapy,
the first component is typically used for labeling the target
and obtaining the location and size (perhaps tumor stage) of
the tumor. Since the pretargeting component is not cytotoxic,
its long circulation (and possible weak non-specific binding)
does not generate side effects, while providing improved
distribution in the tumor. After the target is confirmed,

the second therapeutic components can be administered
chemoselectively cross-linking the first pretargeting component
on cell surface.

Contemporary targeted drug delivery vehicle such as ADCs,
with an imaging marker may provide imaging information
about the delivery and distribution of the platform in the
tumor. Micro-dosing can also be used to track the delivery
and image the distribution prior to the administration of the
therapeutic dose (Figure 1). However, while these approaches
can be considered theranostic, in the first case, imaging would
only provide secondary information that cannot be used to
change and/or optimize the treatment protocol, and, in the
latter case, imaging is limited to a significantly reduced dose
and the therapeutic dose of nanomedicine is delivered without
image guidance.

In situ Conjugation Methods in
Pretargeting Theranostics

The conjugation between pretargeting component and the
therapeutic delivery component occurs in the biological system
in physiological conditions. This in situ conjugation method
should be fast and proceed at 37°C without releasing toxic
byproducts. Avidin-biotin interaction is one of the early stage
in situ conjugation techniques used for pretargeted imaging and
therapy (7). Avidin is a tetrameric protein which binds biotin with
high affinity. Since avidin is immunogenic and has a broad non-
specific binding, this conjugation method can lead to adverse
biological effects and toxicities. Bioorthogonal click chemistry
is an alternative conjugation method widely used nowadays for
in situ conjugation. Trans-cyclooctene/tetrazine bioorthogonal
click reaction is extremely fast and widely used for pretargeting
conjugation compared to other reactions in this category such
as, copper-free azide-cyclooctyne click chemistry and Staudinger
ligation (8, 9). Specific interaction between peptide nucleic
acids, which are non-natural DNA/RNA analogs, can also be
used for pretargeting approach (10). These compounds are
metabolically stable and show low non-specific binding in
healthy tissues.

Imaging Strategy in Theranostic Systems

A wide variety of imaging modalities used for theranostics
include optical (fluorescence or bioluminescence), nuclear
(PET or SPECT), ultrasound, photoacoustic, magnetic particle,
and MR imaging techniques (11, 12). The imaging results
pretargeting component can be directly used to (i) verify
the expression of surface receptors at the target site and
(ii) precisely time the administration of the second, drug-
delivery component, based on high specific accumulation of
the pretargeting component at the target site and clearance
from the rest of the body. Expression of receptors can be
variable between the primary tumor and distant metastatic sites
and not easily accessible by biopsy. Therefore, images from
pretargeting component provide a positive confirmation of the
receptor expression and a “go” signal for the administration
of the cytotoxic drug carrier. Imaging of the drug carrier is
equally important, as it can provide positive confirmation of the
successful delivery and retention of the cytotoxic component in
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FIGURE 1 | Schematic view of the concept of pretargeting theranostic strategy. (1) Image-guided pretargeting. (2) Therapeutic/radionuclide delivery step. (3)
Internalization of the complex of pretargeting-receptor-delivery components. (4) Intracellular release of therapeutics or radionuclides.

the tumor. These imaging results can also be used to correlate
the delivery and treatment outcomes and to support their use as
imaging markers of response. The optical imaging is widely used
in preclinical drug developments because it’s fast, convenient,
non-invasive, safe, and cost-effective (13). High tissue absorbance
and scatter are the major disadvantages in optical imaging in
deep locations; however, this issue can be partly overcome in
preclinical imaging using near infra-red (NIR) dyes (hex in the
range of 650-900 nm) (14). In spite of aforementioned problems,
NIR optical imaging became a popular imaging technique in
pretargeting studies for visualizing the target and the probe
and it can provide sufficient information about the target-
uptake and biodistribution of the pretargeting component, as
well as the tumor dimension and location information in cancer
therapy (15).

Nuclear imaging techniques are highly feasible for imaging
pretargeting delivery because of excellent sensitivity, quantitative
images, and the possibility of using in radiotherapy (16). Nuclear
imaging provides sensitivity in the low nM to pM range, but
has low spatial resolution and requires an additional anatomical
imaging modality, such as CT or MRI, for anatomical reference.
PET and SPECT imaging techniques are translational and can
be used in both animals and patients. PET provides the highest
sensitivity combined with improved spatial resolution; however,
it is impossible to differentiate between two tracers with similar
half-lives. SPECT provides an intrinsic ability for multi-isotope
imaging based on different energy of y emission (17). However,
it is not commonly used for tracking of pretargeting components
because of lower sensitivity and spatial resolution. However, it
has been used for imaging the second therapeutic component
of the system. For instance, in image-guided pretargeting
radioimmunotherapy (PRIT), the targeted cells are labeled with
antibodies conjugated with TCO groups and treated with SPECT
imaging/therapeutic radionuclide conjugated with tetrazine.
Pretargeting radiotherapy is one example of combining nuclear

imaging to circumvent the use of long-lived radionuclides
that is a necessity for sufficient tumor accumulation
and  target-to-background  ratios using  conventional
approaches (16).

The imaging signals of the second component are mostly
used for the biodistribution and pharmacokinetic evaluation
and not for detection and evaluation of the tumor, hence the
poor contrast and spatial resolution of SPECT imaging can be
tolerated. MRI provides high spatial resolution and excellent
soft-tissue contrast, but has a moderate sensitivity and requires
concentrations of the imaging probe in high micromolar range.
Fluorescence optical imaging provides outstanding sensitivity
and resolution, but can only be used in superficial locations,
such as for image-guided surgical resection, or in optically
transparent tissues, such as ocular imaging. Examples of
anticancer theranostics applications, which use these multiple
imaging modalities are: PET and NIR optical imaging (18);
SPECT (19), and MRI (20).

It is important to note that combining a therapeutic
platform with short-lived imaging probes presents significant
problems because of the short lifetime of the preparation, and
consequently, with the logistics of treatment administration
and monitoring even if the medication can be formulated in a
kit form for rapid radiolabeling (21). Therapeutic modalities
used in theranostic nano-platforms include cytotoxic drugs
(22-24), radioisotopes (25), optical absorbers for photothermal
or photodynamic therapy (26), and phototherapy (27). Specific
enzymes can be delivered to activate prodrugs in the context
of prodrug therapy (28). Magnetic NPs are therapeutic
cargo for magnetic hyperthermia (29), and antibodies,
adjuvants, or vaccines can be used for cancer immunotherapy
(30). Most often, imaging techniques used in pretargeting
theranostics rely on complementary optical and nuclear imaging
modalities, such as fluorescence, bioluminescence, PET and
SPECT imaging.
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FIGURE 2 | Examples of pretargeted theranostic approaches. (A) In vivo Xenogen fluorescence images after 8 h post-injection of the secondary component (after
20 h post-injection of pretargeting component). (i) Distribution of pretargeting component Tz(TCO)s(CF-680). and (i) tumor uptake of delivery component
Alb(Px)2.6(Pega-Tt)15(DL-800),. (jii) Distribution of control Tz(CF-680), and (iv) Alb(Px)2.6(Pega-Tt)15(DL-800)2 in @ mock-treated mouse (23). (B) Schematic view of the
strategy. In step-1 Zuere : 342-SR-HP1 is injected and labeled the HER2(+) tumor cells. Next, the secondary probe HP2 is injected in step 2. The PNA sequence in
HP2 is matching with HP7 and hybridized to the pretargeting component bound on cell surface (36). (C) Confocal fluorescence microscope images of pretargeted
theranostic approach in PSMA(+) PC3-PIP cells. Distribution of 5D3(TCO)s(AF-488). (green), ALB(PEG4-Tz)19(Rhod), (red), and Hoechst 33342 nuclear
counterstaining (blue) (magnification x 100, bar: 30 um) (22). (D) In vitro therapeutic study of 5D3(TCO)s. The combination of 5D3(TCO)g and ALB(DM1)33(PEG4-T2)10
exhibited a selective and enhanced toxicity in PSMA(+) PC3-PIP cells compared to the combination of non-functionalized 5D3 and ALB(DM1)3 3(PEG4-T2)1¢ or
treatment with a free DM1 or ALB alone. (o < 0.05, **p < 0.005) (22). (E) Pretargeting PET images of planar and maximum intensity projection (MIP), left and right,
respectively in subcutaneous SW1222 tumor bearing nude mice. HUA33-Dye800-TCO was injected (100 j1g; 0.66 nmol) and after 48 h, %*Cu-Tz-SarAr was injected.
Coronal slices selected from the center of the tumors are shown (37). (F) PET images of the athymic nude mice with subcutaneous SW1222 tumor xenografts. The
mice were first injected with huA33(TCO), 4, followed after 24 h by the injection of [?*Cu]Cu-SarAr-Tz and after 24 h by the injection of ['77 Lu]Lu-DOTA-PEG;-Tz.
Images are shown at 6, 24, and 48 h after the injection of [¢*Cu]Cu-SarAr-Tz. Top row: Coronal planar images through center of the tumor. Bottom row: maximum
intensity projections (MIP) (38). (G) Confonal fluorescence images of frozen sections showing doxorubicin drug uptake in tumor and heart tissues after the
administration of PBS, un-pretargeting bDOX, free doxorubicin or pretargeting bDOX. Blue color represents DAPI-stained nuclei, and pseudo-red color represents
fluorescence from DOX or bDOX. The scale bar: 50 um. *p < 0.05 (pre-bDOX: pre-targeted bDOX) (39).
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EXAMPLES OF PRETARGETED
THERANOSTICS

Pretargeted Theranostics in Breast Cancer
Breast cancer is the most prevalent malignancy in women in
the United States, and ~20-30% of human BrCa overexpress
HER2 receptors, a molecular marker that correlates with
cancer aggressiveness, metastasis, and poor prognosis. HER2-
overexpressing BrCa are treated with the humanized anti-
HER2 monoclonal antibody, Trastuzumab (Tz), which is highly
efficacious, but unfortunately, trastuzumab resistance develops
over long-term use (31-33). Trastuzumab-based ADC, T-DM1,
was developed for treatment of resistant tumors by directly
conjugating the chemotherapeutic drug, mertansine, on the
antibody to boost cytotoxicity (34). A potential problem with
ADCs is their intrinsically highly toxicity, which can cause
non-specific off-target effects in normal tissues due to their
long circulation times (35). Hapuarachchige et al. (23, 24)
has reported a pretargeting strategy driven by bioorthogonal
click chemistry to circumvent this issue. In these studies,
HER2(+) cancer cells were prelabeled with a trastuzumab
mAb, functionalized with a bioorthogonal, click-reactive, TCO
group, and the drug-carrier albumin component with the
complementary click-reactive Tt group is delivered after free
antibodies have cleared the body, to ensure that the toxic drug
component accumulates only at the tumor site (Figure 2A).
The strategy has been evaluated in human BrCa BT-474
cells and their HER2(+) subcutaneous tumor mouse models.
Mice were administered with Tz(TCO)e(CF-680), image-guided
pretargeting component followed by Alb(Px);6(Pegs-Tt);5(CF-
750); drug delivery component. The result revealed that
pretargeting approach driven by bioorthogonal click chemistry
has higher therapeutic efficacy than the treatment by drug
delivery component alone. This therapeutic regimen, when
integrated with molecular imaging modalities, can become
an effective theranostic tool that will eventually steer the
development of cancer regimens toward precision, individuality,
and safety.

Pretargeted Theranostics in Ovarian

Cancer

Ovarian cancer is the deadliest gynecological cancer in women;
hence, the early detection and treatments are vitally important
(40). Efforts have been taken to developed drugs to treat ovarian
cancers overexpressing estrogen receptor (ER) and HER2.
However, long term use of these novel therapies gains drug
resistance. Therefore additional therapeutic approaches, such as
radioimmunotherapy are needed to be developed for ovarian
cancer to overcome the chemo-resistance issues (41). Affibody
is a relatively low molecular weight high-affinity protein, which
can be used instead of monoclonal antibodies for diagnostic
imaging and therapy. Honarvar et al. (36) has developed a
HER?2 specific affibody conjugate and complementary secondary
imaging component and evaluate in HER2(4) ovarian cancer
xenografts. They have synthesized Zygry : 342-SR-HP1 and used
it as the pretargeting component with 15-mer HPI peptide
nucleic acid moiety to recognize complementary secondary
component, '!In-/!2I-HP2 (Figure 2B). The results revealed

that the HER2(+) tumor uptake of pretargeting, Zyggra:342-
SR-HPI1 was significantly higher than HER2 low expressing
cells. In the pretargeting approach, accumulation of !!In-HP2
after the administration of ZygR»: 342-SR-HP1 was significantly
higher compared to the administration of '''In-HP2 alone. In
regular radioimmunotherapy, the fast clearance of the secondary
component, "'In-HP2, results in low tumor uptake in bones.
Pretargeting strategy enhances the accumulation and retention
of the radiotherapeutic agent at the target.

Pretargeted Theranostics in Prostate

Cancer

Prostate cancer is one of the most devastating cancer types in
men. Yearly more than 150,000 patients are diagnosed with
prostate cancer and over 30,000 among them die. Despite existing
therapies in prostate cancer management, novel therapeutic
approaches and drug delivery strategies are still required to save
these patients and eradicate the decease completely (42-44).
Prostate-specific membrane antigen (PSMA), a type Il membrane
protein, is highly expressed in aggressive prostate cancer (PCa)
(45-48). In our studies, we have used 5D3 mAb, a novel anti-
PSMA mAb which exhibits a 10-fold higher binding affinity on
PSMA compared to other known anti-PSMA mAb, such as J591
and 7E11 mAbs (49, 50). 5D3 mAb shows fast internalization
after complexing with PSMA; however, this strategy has been
successfully applied and proven in vitro.

Hapuarachchige et al. (22) has reported a promising
pretargeting theranostic approach for treating PSMA-
overexpressing prostate cancer using 5D3 mAb. Here, 5D3
conjugated TCO and albumin conjugated with tetrazine
have been used as pretargeting and delivery components,
respectively. Both components were labeled with fluorophores
without spectral profile conflicts to track with optical imaging.
PSMA(+) PC3-PIP and PSMA(-) PC3-Flu cells were used
to validate the strategy in vitro. The pretargeting component,
5D3(TCO)s(AF-488),, labeled the PSMA receptors on the
targeted cell surface, and was then followed by a second-
component, ALB(DM1);,(Pegs-Tt)19(Rhod), (Figure 2C). The
multiple TCO and Tt groups per component, the high density
of PSMA receptors per cell surface, and the fast kinetics of the
TCO-Tt click reaction are the driving forces for the formation
of nanoclusters on the cell surface. An efficient cross-linking of
two components on the targeted cell surface leads to enhanced
cellular internalization and results in the highest therapeutic
effects in PSMA(4) PC3-PIP cells compared to PSMA(-)
PC3-Flu cells (Figure2D). Ideally, the internalization and
pharmacokinetics of the pretargeting agent should have similar
time scales. After internalization, nanoclusters are hydrolyzed
in acidic late endosomes and release cargo drug molecules to
the cytoplasm. Eventually, a DM1 anti-tubulin agent blocks
the microtubule formation, arresting cell division, and killing
targeted cells.

Pretargeted Theranostics in Colorectal
Cancer

Colorectal cancer is the most common cancer type in the
world after lung and BrCa (51). The surgical approach of
managing colorectal cancer is limited for cases with localized
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tumors but not feasible in early stage tumors and metastatic
tumors. Pretargeting radioimmunotherapy is an optimistic
solution to overcome these issues (52). As an initiate, Adumeau
et al. (37) has reported a pretargeting multimodal PET/NIRF
imaging approach for imaging colorectal cancer. They have
used humanized A33 monoclonal antibody (huA33) as the
pretargeting platform targeting A33-expressing colorectal cancer.
HuA33 was conjugated with TCO and labeled with Dye800
NIR fluorophore and used as the pretargeting component with
tetrazine-sarcophagine conjugate labeled with % Cu radionuclide
(**Cu-Tz-SarAr). This strategy has been successfully evaluated
in SM1222 colorectal cancer xenograft tumor mouse models
overexpressing A33 cell surface antigen (Figure 2E). Keinanen
et al. (38) from the same group have reported the extension of
this study from diagnostic [¢*Cu]Cu-SarAr-Tz to therapeutic,
using ['7Lu]Lu-DOTA-PEG;-Tz conjugates, as the secondary
component. Both [**Cu]Cu-SarAr-Tz and ['77Lu]Lu-DOTA-
PEGy7-Tz have shown high activity in mice models bearing A33-
overexpressing subcutaneous tumors (Figure 2F).

The biotin and avidin chemistry has been successfully used
for pretargeting imaging of HER2(+) BrCa in preclinical settings
(7). Lectin receptors are overexpressed and many cancer types
and avidin can bind with lectin as well. Yao et al. (39) have
used this phenomenon for pretargeting theranostic approach for
image-guided treatment of human colorectal cancer cells, LS180
and HT-29. In their study, avidin without conjugation has been
used as the pretargeting component targeting lectin receptors in
colorectal cancer cells and tumors in mouse models. Doxorubicin
was conjugated with biotic through an acid sensitive hydrazone
linker (bDOX). Because of the hydrazone bonding doxorubicin
is in prodrug stage. To evaluate the strategy, colorectal cancer
LS180 and HT-29 cells were first treated with avidin followed
by the administration of bDOX. Avidin is labeled on the lectin
receptors of the targeted cell surface. Then biotinylated dDOX
will be complexed with avidin followed by rapid internalization
by endocytosis. In late endosomes or lysosomes, at low pH acidic
condition, hydrazone bond is cleaved releasing free doxorubicin.
Compared to doxorubicin alone, pretargeting approach shows
higher cellular uptake of the drug. In vivo study, LS180 colorectal
cancer xenograft mouse models were subsequently administered
with avidin and bDOX and significant reduction of tumor
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