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Abstract

Ovarian cancer is the most lethal gynecological cancer, with a survival rate of approximately 40%.
The first-line treatment consists of cytoreductive surgery combined with chemotherapy (platinum and
taxane-based drugs). To date, the main prognostic factor is related to the complete surgical resection
of tumor lesions, including occult micro-metastases. The presence of minimal residual diseases not
detected by visual inspection and palpation during surgery significantly increases the risk of disease
relapse. Intraoperative fluorescence imaging systems have the potential to improve surgical
outcomes. Fluorescent tracers administered to the patient may support surgeons for better real-time
visualization of tumor lesions during cytoreductive procedures. In the last decade, consistent with the
discovery of an increasing number of ovarian cancer-specific targets, a wide range of fluorescent
agents were identified to be employed for intraoperatively detecting ovarian cancer. Here, we present
a collection of fluorescent probes designed and developed for fluorescence-guided ovarian cancer
surgery. Original articles published between 2011 and November 2022 focusing on fluorescent
probes, currently under preclinical and clinical investigation, were searched in PubMed. The
keywords used were targeted detection, ovarian cancer, fluorescent probe, near-infrared
fluorescence, fluorescence-guided surgery, and intraoperative imaging. All identified papers were
English-language full-text papers, and probes were classified based on the location of the biological
target: intracellular, membrane, and extracellular.
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1. Introduction

The third most recurrent gynecological cancer globally in 2020, ovarian cancer is the most aggressive
of all, with a relative 5-year survival rate of approximately 40%. Referred to as "the silent killer",
ovarian cancer is not diagnosed before the advanced stages (I11 or 1V) in 70% of cases. Indeed, vague,
and non-specific in the early stage of disease (I-11), the symptoms mainly appear when the disease
has already progressed, spreading beyond ovaries inside the abdominal cavity.1> Moreover, the lack
of specific biomarkers for ovarian cancer hinders early diagnosis.** To date, the cornerstone of first-
line treatment of ovarian cancer is the combination of cytoreductive surgery and platinum and taxane-
based chemotherapy.*> Unfortunately, clinical relapse occurs in 70% of patients, usually within 28
months after primary combined treatment.® The presence of minimal residual diseases (<1 cm), not
identified during surgery by visual inspection and palpation of surgeons, likely explains the high rate
of progression-free survival and recurrences. Indeed, unidentified micro-lesions are often resistant to
the following adjuvant chemotherapy treatment and continue to grow after the apparent complete
tumor resection.” Therefore, the degree of cytoreduction strongly impacts patients' outcomes and
represents an important prognostic factor. Until now, an "optimal™ cytoreduction possesses minimal
residual tumor masses of dimension below 2 cm. Currently, the objective is to achieve complete tumor
resection.®® Fluorescence imaging technology constitutes a useful clinical tool to improve real-time
intraoperative visualization of primary tumors and occult metastases. Fluorescence-guided surgery
(FGS) consists of the combined use of a light source with fitting filters for the excitation of the
fluorescence probe, which works as a contrast agent administered to the patient before the surgery
procedure, and of a detector of the fluorescent light emitted by the tumor in which the probe is
uptaken.’® Designed to target specific ovarian cancer antigens, fluorescent probes allow the
distinction of areas of interest from surrounding healthy tissues through fluorescent signals, with a
contrast degree expressed by the tumor-to-background ratio (TBR) value.!* The increasing number
of ovarian cancer-specific biological targets (e.g., folate receptor a,*? avA3-integrin,® prolactin
receptor,** human follicle-stimulating hormone receptor,'® f-galactosidase,*® cyclooxygenase-1")
discovered in the last decade has led to the design and development of a wide range of fluorescent
probes. The contrast agents generally consist of a moiety that permits the identification of tumor
tissues, usually through recognizing and interacting with specific surface antigens, exploiting the high
affinity of natural ligands or small molecules, otherwise the high specificity of monoclonal antibodies.
18 Some nano-delivery systems have been investigated to direct the fluorescent probes to the
malignancy.*? Suitably tagged, fluorescent nano-tracers can specifically detect tumor lesions not only
through interaction with a specific molecular target but also by exploiting the phenomenon of
enhanced permeability and retention effect (EPR). Indeed, the leaky vasculature and compromised
lymphatic drainage of tumor microenvironments induce a passive and selective accumulation of
nanoparticles (NPs). Depending on the typology of the probe, fluorophores can be differently
conjugated targets recognizing moiety. Typically, the antibody- and small-molecule-based probes are
connected to the fluorophores either directly or otherwise via a linker. Nano-tracers usually include
fluorescent dyes or being fluorescently tagged.'® Moreover, fluorescence-emitting inorganic
nanoparticles are being developed, which consist of nano-platforms that emit fluorescent signals at
wavelengths lower (down-converting nanoparticles, DCNPs) or higher (up-converting nanoparticles,
UCNPs) of the excitation wavelength. DCNPs and UCNPs exhibit interesting spectral characteristics
compared to organic fluorophores, such as a higher Stoke shift and enhanced contrast capability.?
FGS probes may be "always-on™ or "activatable” tracers. More diffuse, "always-on" fluorescent
probes offer more manageable design and synthesis.18 On the contrary, "activatable™ probes emit
fluorescence only after being activated in situ, usually by a molecular target, such as a tumor-
associated enzyme. Activatable tracers possess much lower background signals, thus exhibiting
greatly improved TBRs.?! To date, FGS probes under preclinical and clinical investigation emit in
the visible (400 — 700 nm), the near-infrared (NIR, 700 — 900 nm)??, and the second window of near-
infrared (NIR-11, 900 — 1700 nm) spectrum.?® Nevertheless, the optimal spectral features have been



observed in NIR-fluorescent probes, possessing the highest tissue penetration ability among all
fluorescent probes. In other spectral windows, the penetrating capability of fluorescent agents was
quite limited. When fluorescent probes emit at wavelengths below 700 nm, an overlap occurs between
probe-emitted fluorescent signals and cell autofluorescence, strongly limiting the contrast action of
visible-emitting probes. Moreover, numerous endogenous molecules, such as hemoglobin and
myoglobin, show a high absorbance in the visible spectrum. Similarly, water and lipids absorb at
wavelengths above 900 nm.?>23

Hereafter, we report a collection of ovarian cancer-associated biological targets and the corresponding
fluorescent probes specifically designed and developed for in vivo intraoperative fluorescence-guided
detection of ovarian cancer. Based on cellular localization, we classified biological targets as
intracellular-, membrane-associated- and extracellular.

2. Intracellular targets

2.1 Cyclooxygenase 1 (COX-1)

Cyclooxygenase (COX), also known as prostaglandin-endoperoxide H synthase (PGHS), is a
bifunctional, heme-containing, and membrane-bound enzyme located on the endoplasmic reticulum
luminal surfaces and catalyzes the intermediated steps of the biosynthesis of prostanoids. Encoded
by two different genes, two COX isoforms are known (COX-1 and COX-2). COX-1 is a constitutive
enzyme, expressed at low levels in most cell types, whereas at high levels in the gastric mucosa and
platelets. In contrast, COX-2 expression is typically inducible by inflammation mediators, such as
cytokines and growth factors.?** Different from COX-2 overexpressed in most cancer types, COX-
1 is moderate to highly expressed in 99% of high-grade serous ovarian cancer.?®*” Over the years,
several experimental data have proposed COX-1 as an ideal biomarker for ovarian cancer. In a
preliminary in vivo investigation, [18F]-fluorinated COX-1 highly selective inhibitor ([18F]-P6)
demonstrated a reliable potential as a COX-1-targeted PET imaging agent.!” Encouraging outcomes
suggest that COX-1 might represent an effective biological target for in vivo detection of ovarian
cancer, despite further investigations being necessary.

RR11 probe

The fluorescent compound RR11 (Aaps=610 nm; Aem=672 nm) has been designed and developed for
in vivo targeted detection of ovarian cancer. Structurally, the fluorescent probe (Figure 1) presents a
targeting moiety consisting of one of the most potent and selective COX-1 inhibitors (Mofezolac,
(COX-11Cs50=0.0079 puM, COX-2 ICs0> 50 uM), connected through an alkyl linker to the fluorescent
moiety, consisting of a NIR fluorophore (Nile blue, Aex=631 nm; Aem=660 nm).

Figure 1.

RR11 inhibits 0COX-1 with 1C50=0.032 uM and hCOX-2 with IC50=2.4 uM, and a selectivity index
SI (COX-2 ICso/ COX-1 ICs0)=72. According to cytofluorimetry and confocal fluorescence imaging
studies, RR11 enters inside the cells (OVCAR-3 cells) and accumulates in the endoplasmic reticulum
(ER), which expresses COX-1. RR11 showed a significant change in the fluorescence emission at a



concentration of 50 nM. The lipophilicity of the NIR component (Nile blue) likely promotes the
entering of RR11 into the cells. Quantified using the Harmony database, fluorescence intensity
emitted by RR11 was dose-dependent, increasing in the whole cell from 100 nM (82 f.u) to 100 mM
(1,444 f.u). At all concentrations, the membrane fluorescence emission was about 80% of the total
fluorescence measured in the whole cell, indicating that RR11 almost exclusively binds to COX-1 on
the ER. In vivo evaluation of RR11 has been performed in two subcutaneous murine models of
ovarian cancer, respectively implanted with COX-1-over-expressing cell lines (OVCAR-3 cells) and
COX-1-low-expressing cell lines (SKOV-3 cells). High non-specific fluorescence has been detected
in kidneys and gastrointestinal tract after 2 hours from 1V injection with 100 uL of 500 uM of RR11.
According to ex vivo analysis performed on tumor tissues and healthy organs, the non-specific
fluorescence was due to an auto-fluorescent alfalfa-containing diet. Tumor-specific fluorescence has
been detected only after 4, 6, and 24 hours from RR11 injection, with a mean TBR value of 1.74 at
24 hours post-injection. In addition to significant tumor-specific fluorescence, analyses ex
vivo revealed a high fluorescence in animal kidneys, gallbladder, stomach, and lungs, suggesting that
RR11 exhibits a kidney metabolization. The probe showed a similar biodistribution profile in
xenografted mice models of ovarian cancer COX-1-absent (SKOV-3). However, the mean TBR value
measured 24 hours post-injection was 1.28, which does not distinguish between healthy organs and
malignant tissue. The diffuse fluorescent signals detected among the whole body may be related to
mouse and human COX-1 cross-reactivity. Constitutively expressed in many organs, COX-1 may not
be specific enough to allow specific in vivo detection of ovarian cancer. 28-2°

MSA14 probe

MSA14 (Figure 2) is a NIR fluorescent compound (Aabsi=260 nm, Aaps2=770 nm; Aem1=318 nm,
Lem2=822 nm) designed and synthesized for targeting in vitro and in vivo COX-1.

Figure 2.

Analogously to RR11, MSA14 developed by Scilimati et al.!” exhibits a COX-1-targeting moiety
consisting of the most selective and potent COX-1 inhibitor approved for human use (Mofezolac)
conjugated with the fluorescent dye Indocyanine green (ICG, Aaps=7 80 nm; Aenm=830 nm) through a
flexible alkyl linker. The fluorescent compound possesses a high COX-1-selectivity (SI=874), with a
COX-1 ICs50=0.087 uM and a COX-2 IC50>50 uM. In the COX-1-overexpressing OVCAR-3 murine
model, MSA 14 reaches the highest TBR value (1.44) only after 24 hours from IV administration (100
pL of 500 uM). Unfortunately, a residual background fluorescence has been observed, especially in
the spine, limbs, and excretion organs. Subsequently, ex vivo fluorescence imaging of both tumor
tissues and organs excised confirmed the biodistribution data acquired in vivo. MSA14 has been in
vivo evaluated in a clinically compatible intraoperative setting using the FLARE® system (Curadel
LLC, Nattick, MA, USA) in subcutaneous OVCAR-3 mice models. Despite high tumor-specific
fluorescence in tumors, the gallbladder and lungs exhibited stronger fluorescent signals. To assess the
specificity, subcutaneous xenografted mice models of SKOV-3, an ovarian cancer cell line in which
COX-1 is absent, have been injected with MSA14. At different dosages of MSA14 (500 uM and 100
uM), fluorescence signals in the tumor have been acquired at 6 and 21 hours post-IV-injection,
registering average TBR values of respectively 1.49 and 1.5 for the higher dosage, and 1.23 and 1.96
for the lower. The liver, limbs, and spine exhibited high non-specific fluorescence. Like OVCAR-3
models, in ex vivo analysis, the lungs (at the high dose) and spleen showed high signals. Despite
intraoperative imaging showing a strong tumor signal at the dose of 500 uM, the tumor fluorescence



intensity did not allow the discrimination between healthy organs and malignant tissue. These
findings suggest that fluorescence detected in low-COX-1-expressing tumor lesions might be non-
specific. The high non-specific signal rate observed in healthy organs and the relatively low TBR
values support this consideration. The constitutive expression of COX-1 in many organs, e.g., liver,
spleen, intestines, and bone marrow, or the insufficient specificity COX-1 expression of ovarian
cancer cells may represent a strong limitation in COX-1 using as a specific ovarian cancer
target. However, further investigation is necessary to identify the real target of the newly prepared
compounds, which still maintain great potential as contrast agents for ovarian cancer fluorescence-
guided surgery.?

CMP probe

Developed for COX-1 in vivo detection, the fluorescent compound CMP (Aex=580 nm; Aen=606 nm)
consists of the potent COX-1 inhibitor SC-560 as enzyme recognizing moiety, connected with an
alkyl linker to the carboxy-X-rhodamine fluorophore (Figure 3).%°

Figure 3.

The design of the CMP fluorescent probe originated from the discovery of a COX-2-targeted imaging
agent (fluorocoxib A), composed of a fluorescent moiety to the carboxyl group of the nonselective
COX inhibitor indomethacin. Exhibiting a COX-2-selective inhibitory activity, Fluorocoxib A
showed high specificity in vivo detection of COX-2-overexpressing tumors in animal models of colon
cancer (HCT116 cells).’!*> CMP showed a selective and potent inhibitory activity towards COX-1
(COX-11C50=94 nM; COX-2 IC50>1000 nM). Moreover, the fluorescent compound in vitro exhibited
high COX-1 inhibitory activity in OVCAR-3 cells, inhibiting the human COX-1 with a significative
ICs0 (44 nM). Given that pre-treatment of cells with indomethacin significantly reduces the intensity
of the fluorescent signal, CMP possesses a strong specificity for COX-1 detection. Evaluated in
vivo as a COX-1-targeted optical imaging agent, CMP 3-4 hours post intraperitoneal (IP) injection (at
a dosage of 1 mg for 1 kg of body weight) during in vivo imaging showed high tumor-specific
accumulation in subcutaneous athymic nude mouse models of ovarian cancer (OVCAR-3 cells).
The ex vivo analyses have confirmed the higher and more specific CMP localization in the OVCAR-
3 tumors than in healthy tissues. Furthermore, CMP specifically highlights in vivo COX-1
overexpressing tumor lesions within 3-4 hours post I[P administration in @ murine model
intraperitoneally implanted with ID8-NGL cells. Moreover, the co-injection of indomethacin
compromises the tumor-specific fluorescence.*”

2.2 Targeting Hunan Nicotinamide adenine dinucleotide phosphate (ANQO1)

Human nicotinamide adenine dinucleotide (phosphate): quinone oxidoreductase isozyme 1 (hNQO1)
is primarily (~90%) a cytosolic reductase that utilizes NADH or NADPH as a reducing cofactor. The
enzyme consists of a homodimer, and each monomer is associated with one molecule of flavin
adenine dinucleotide (FAD). ANQO1 specifically reduces quinones to hydroquinones through a two-
electron reduction, bypassing the formation of the potentially toxic semiquinone, which is highly
reactive and can generate reactive oxygen species (ROS).>* Moreover, the enzyme action contributes
to maintaining endogenous lipid-soluble antioxidants such as a-tocopherol-hydroquinone and



ubiquinol in their reduced and active forms. In addition, it is known that INQO1 enhances the
accumulation of the p53 protein, negatively affecting one of its degradation pathways under oxidative
stress conditions. Thus, INQOI is historically known as an endogenous detoxifying cellular agent,
having antioxidant and cytoprotective functions.** Despite the ANQO1 expression being typically
suppressed during chronic inflammation with a consequent increasing cellular susceptibility to
injuries, several studies have reported that an elevated ANQO1 expression at early phases of
carcinogenesis may be associated with cancer cell growth promotion.**~’ Indeed, it has been observed
that ANQOI is overexpressed in many solid tumors, including ovarian cancer.*® Furthermore, Cui et
al. have shown that the high rate of enzyme expression is also associated with higher histological
grade, advanced clinical stage, and lower survival rates. Although its role remains partially unclear
thus far, the high positive rate of ANQOI protein may represent an effective biomarker for serous
ovarian carcinomas.>

QsSTCy probe

Q3STCy is a NIR fluorescent probe activated in situ by the human nicotinamide adenine
dinucleotide (phosphate): quinone oxidoreductase isozyme 1 (ANQO1). In the presence of cofactor
NADH, ANQOI1 reducing the quinone propionic acid group allows its cleavage and the consequent
self-cleavage of the 2-mercaptoethanol, turning on the NIR fluorescence of the probe (Figure 4).*

Figure 4.

During intraoperative imaging performed in an intraperitoneal murine model of human ovarian cancer
(SHIN3-DsRed cells), at excitation wavelengths of 672.5-747.5 nm and emission wavelengths of
765-855 nm, the probe (Aem=755 nm) showed high sensitivity (96.9%) in vivo detecting 124 of 128
tumor lesions. The whole-body fluorescence imaging was carried out 10 minutes post IP injection
with Q3STCy (300 pL of 25 uM) after euthanasia of all animals. Since intra-abdominal organs,
especially the small bowel, emitted fluorescent signals, the Q3STCy specificity did not reach 61%,
even though the fluorescence intensity of healthy cells was significantly weaker than that of malignant
tissues.*’ Being activable in situ, Q3STCy is topically sprayable onto the surface of tumors during the
surgical procedure, resulting in an advantageous tool providing a cancer-specific fluorescence using
small doses that reduce potential toxic complications.*! The ex vivo fluorescence imaging has shown
significantly different levels of fluorescence intensity in the small intestine tissues and SHIN3 tumors
when topically sprayed by the NIR activable probe, which creates a high contrast between the disease
and the background healthy tissue, even though both show the same emitting profile. Indeed, in both
healthy and malignant tissues, the fluorescent signal immediately increases post-injection and further
intensifies during monitoring (60 minutes). Collecting the ex vivo fluorescent images at different time
points has allowed the construction of a time-fluorescence intensity curve and the acquisition of three
different parameters: the maximum fluorescence signal (MF), the wash-in rate (WIR), and the area
under the curve (AUC). ** While MF is the maximum in fluorescence observed, WIR is the maximum
slope approaching the MF. AUC is instead the area measured under the time-fluorescence curve.*?
These kinetics parameters allow the differentiation between signals associated with tumors from the
background, showing a significantly improved specificity of Q3STCy to 80%, 100%, and 100% for
MF, WIR, and AUC, respectively, beyond the moderate improvement in sensitivity (100% for all
approaches). Since it is a NIR-light emitting probe, Q3STCy possesses a high tissue penetration
ability. Moreover, being topically administrable during the surgical procedure, Q3STCy may be
particularly useful for detecting tiny, and consequently undetectable by the naked eye, metastatic



tumor lesions, usually disseminated throughout the abdomen in advanced ovarian cancer stages.
These findings demonstrate that Q3STCy represents a potential imaging agent in aiding the targeted
detection of ovarian cancer during intraoperative real-time fluorescence imaging.*°

2.3 Lysosomal hydrolase p-Galactosidase (#-Gal)

B-Gal specifically catalyzes the hydrolysis of f-glycosidic bond.!® In cancer, high levels of f-Gal
expression and activity may lead to the degradation of proteoglycan, the main component of the
extracellular matrix, and consequently to the destruction of the basement membrane as well as the
extracellular interstitial barrier, promoting the infiltration and metastasis of cancer cells.** Extensive
research has reported that primary ovarian cancer overexpresses f-Gal. Therefore, the enzyme has
been considered an ovarian cancer biomarker, both in vitro and in vivo. Indeed, over the last decades,
several activatable molecular probes for the specific detection of f-Gal have been developed.'¢

HMRef-pGal probe

Asanuma et al. have developed a highly sensitive fluorescent probe for in vivo imaging of metastatic
ovarian cancer by detecting intracellular S-Gal activity. The fluorescent probe structure consists of a
hydroxymethyl rhodol (HMR) derivative conjugated to a molecule of S-galactose (BGal). HMRef-
BGal (Figure 5) at physiological pH 7.4 exists in the non-fluorescent spirocyclic form (pKcyci=4.5),
possessing high membrane permeability (LogP=2.61 (ALOGPS 2.1 program).*

Figure 5.

Moreover, at physiological pH, existing in a non-fluorescent spirocyclic form, HMRef-BGal exhibits
a strongly reduced background noise. Indeed, only inside the cell can the probe be converted in its
highly fluorescent form (HMR-Ref, Figure 6) by f-Gal action (Figure 25), which determines a
fluorescence enhancement in the intensity of >1,400 fold. *

Figure 6.

Tested in vitro, HMRef-BGal determined fluorescence in several cultured ovarian cancer cell lines
(SHIN3, SKOV3, OVKI18, OVCAR3, OVCAR4, OVCARS, and OVCARS). Moreover, the
fluorescence intensity strongly decreased in the presence of a f-Gal inhibitor (f-galactosylamidine;
B-GA).* Since HMRef-pGal showed almost no toxicity up to 100 mM (MTT assay) and any
significant body weight change or even death in mice during a preliminary in vivo toxicity evaluation
at ten times higher dose, the activatable probe demonstrated to be suitable for further in
vivo preclinical evaluation. Based on these findings, HMRef-fGal was evaluated in an intraperitoneal
murine model of metastatic ovarian cancer (SHIN3 cells). 5 minutes after IP injection with HMRef-
BGal (300 ml of 100 mM solution), metastases down to 1 mm in size were visible inside the peritoneal
cavity of the sacrificed mice. 1 hour post-administration, the fluorescence intensity in the tumor
increased as much to be discriminated from healthy tissues by the naked eye. All the tumor lesions
detected were confirmed to be malignant by the colocalization with a lectin-targeted stain.*
Moreover, co-administration of HMRef-fGal with the f-Gal inhibitor (B-GA) determined the almost
complete suppression of fluorescence, confirming the probe f-Gal-specific targeting. HMRef-BGal
achieved similar outcomes in metastatic ovarian cancer mice models [P administered with the probe.
The fluorescent probe has been tested for in vivo fluorescence laparoscopy to detect metastases. The



activatable agent successfully identified tumor lesions, allowing the resection of tumor nodules down
to 1 mm in size in the real-time fluorescence-guided laparotomy. HMRef-fGal allowed the
localization of metastases in a direct three-dimensional view by visible fluorescence. Despite further
investigations being necessary before clinical evaluation, HMRef-BGal has surgical cytoreduction of
ovarian cancer under fluorescence imaging guidance.**

BOD-M-BGal

Chen et al. developed an activatable NIR-II fluorescent probe for in vivo targeted detection of ovarian
cancer. The fluorescent probe exhibits a B-galactose residue for in vivo tracking of the B-Gal activity,
increased in primary ovarian cancer. Consisting of a boron dipyrromethene (BODIPY) derivative, the
fluorescent dye is connected to the monosaccharide through a benzyl thioether linker. The electron-
withdrawing group (3-ethyl-1,1,2-trimethyl-1H-benz[e]indolium) has been inserted in position 3 of
the BODIPY core via a vinylene linker (Figure 7) to elongate the m-conjugation, obtaining the BOD-
M-BGal probe.*’

Figure 7.

After treatment with B-Gal, the absorption/emission bands of BODIPY (Aabs=533 nm, and Aem=565
nm) decreased until a complete quenching within 20 minutes. -Gal triggers the 1,6-elimination
reaction and the subsequent releasing of the BODIPY-based fluorophore (BOD-M-SH), which
exhibits a Stokes shift of 130 nm, being excitable at A=723 nm and emitting in the NIR region at
A=853 nm. The action of B-Gal generates a 35-fold increase in NIR fluorescence emission.
Furthermore, the probe exhibited a fluorescence tail in the NIR-II region (A=1000 - 1200 nm), which
is advantageous forin vivo cancer imaging and offers a higher resolution and deeper tissue
penetration. BOD-M-BGal showed only weak changes in fluorescence intensity when treated with
various analytes such as enzymes, amino acids, and biomolecules. A strong NIR fluorescence
emission is turned on by the exclusive addition of BGal, showing BOD-M-BGal exhibits high
selectivity for f-Gal. The kinetics of enzyme-catalyzed hydrolysis of BOD-M-BGal has been
examined, determining Vmax and Km (0.36 puM -s-1 and 40.16 uM respectively). Whereas increased
B-Gal concentration enhances the rate of the enzymatic reaction, in contrast, the addition of D-
galactose reduces the rate of the reaction, likely establishing a competition mechanism, confirming
the specific interaction between the probe and the hydrolase. According to docking calculations,
performed considering the protein E. coli f-Gal (PDB ID 1JYN), BOD-M-BGal is a good substrate
of f-Gal. Docking analysis has shown that the galactosyl moiety occupies almost the same location
as lactose, maintaining the interactions of the natural substrate with f-Gal. Indeed, while the
galactosyl moiety is located in the active pocket, in a typical f-Gal substrate mode, the fluorescent
group is out of the binding site, not interfering with the hydrolysis of BOD-M-fGal. Over 24 hours,
no cytotoxic effect has been observed in normal human umbilical vein endothelial cell lines (HUVEC
cells) treated with BOD-M-BGal, using cell counting kit-8 (CCK-8) assay. In subcutaneous murine
models of ovarian cancer (SKOV-3 cells) administered with an intra-tumoral injection with BOD-M-
BGal (30 nmol), the probe reached the maximum specific NIR-II fluorescence intensity 10 minutes
post-injection. When injected with BOD-M-BGal, muscles showed no fluorescence, confirming the
advantage of activatable probes over the “always-on” probes due to not generating non-specific
fluorescence in healthy tissues. NIR-II fluorescent signals marked the tumor lesions with a TBR value
of 17.38 at a depth of 0 mm and a TBR value of 6.43 at a depth of 2 mm. Tumor implants pre-treated
with an inhibitor of B-Gal (D-galactose) showed an effectively suppressed fluorescent signal,



indicating that BOD-M-BGal allows the visualization of ovarian cancer by specifically detecting -
Gal activity.*’

3. Membrane-associated targets

3.1 Folate Receptor a (FRa)

The folate receptor-a (FRa) is a folate-binding protein anchored to the cellular membrane by
glycosylphosphatidylinositol (GPI) with a molecular weight ranging from 38 up to 45 kDa. Encoded
by the FOLR1 gene, FRa is part of the folate-receptors family, consisting of four isoforms (a, B, v, 9)
involved in the uptake and transport of various forms of folic acid (FA). Dietary acquired FA is
metabolized in the liver and released as S5-methyltetrahydrofolate (5-MTHF) in the systemic
circulation. Primarily taken up by ubiquitous reduced folate carrier (RFC) and proton-coupled folate
transporter (PCFT), folate (folic acid, vitamin Bo) is a water-soluble vitamin crucial for the synthesis
of nucleic acids as well as involved in numerous human metabolic pathways. Three molecular
moieties can be identified in the FA chemical structure: a pteridine ring covalently bonded to a p-
aminobenzoic acid that, in turn, is connected to the glutamic acid by an amidic bond (Figure 8).%3

Figure 8.

FRa binds folic acid with a very high affinity (Kd = 1-10 nM), differently from the other folate
transporters, which present an affinity for folate in the micromolar range. FRa mediates the FA
cellular internalization via potocytosis, a non-classical endocytosis. Similarly to other receptor-
mediated endocytosis, in potocytosis, the clustering on the cell surface of the receptor-ligand
complexes induces plasma membrane invagination and a subsequent formation of endocytic vesicles.
However, in potocytosis, molecules are transported via caveolae (rather than clathrin-coated
vesicles). Caveolae are a small membrane invagination rich in proteins and lipids like cholesterol and
sphingolipids. After internalization, besides joining with lysosomes (pH ~ 4-5) as in the pinocytosis,
caveolae-vesicles (caveosomes, pH~ 6) may release the content directly in the cytosol (pH = 7),
bypassing the low lysosomal pH. The caveosomes can also deliver small molecules to the
endoplasmic reticulum (RE).1®* FRa is scarcely present in healthy tissues and has a limited
physiological function, except for the crucial role in embryogenesis. Indeed, FRa is highly expressed
in the yolk sac and provides the essential folate supply during embryo neurulation. Dietary folate
supplementation is often recommended in the periconceptional period for preventing congenital
malformations, especially for neural tube defects prevention. As involved in cancer progression, FRa
is overexpressed in numerous solid tumors, especially of epithelial origin. FRa not only acts as a
folate transporter but it also plays a crucial role in intracellular signalling and genic transcription. A
recent study reported that, after folate uptake, separated from caveosomes by a phospholipase and
translocating in the nucleus, FRo could regulate the expression of genes detrimental to cancer
development. FRa overexpression has been associated with enhanced cellular proliferation,
migration, and loss of adhesion, leading to uncontrolled cellular motility and metastasis progression.
Among FRa-expressing epithelial malignancies, the a-subtype of folate receptor is in 80% of
epithelial ovarian cancers (EOCs), and its expression is associated with histological grade and stage.
Data from 12 separate studies showed that FRa expression is present in 32% of clear-cell ovarian
malignancies, 50% of low-grade serous tumors, and 76% of high-grade serous tumors. Chemotherapy
resistance development has also been correlated to FRa overexpression. Nevertheless, according to
several studies, chemotherapy treatments do not have an impact on FRa-expression. FRa-positivity
can be used as an ovarian cancer biomarker, supporting the potential utility of FRa-targeting in



therapy/diagnosis of ovarian cancer in both the earliest stage and relapsed disease.>* It follows the
description of fluorescent probes developed to detect ovarian cancer targeting FRa.

FA-HDL(DiIR-BOA) NPs

The NIR fluorescent nano-probe (Aex=748 nm; Aem=780 nm) consisting of high-density lipoprotein
nanoparticles (HDL NPs) conjugated with FA and loaded with the NIR fluorescent dye DiR-BOA
(Figure 9) has been developed and in vitro and in vivo evaluated for fluorescent imaging of metastatic
FRa-overexpressing ovarian cancer.'?

Figure 9.

Unlike other plasma lipoproteins, HDL particles are commonly known as "good cholesterol" because
they remove lipids (such as cholesterol, phospholipids, and triglycerides) from cells, carrying them
back to the liver. Their highest density is due to the predominance of the protein components, mainly
apolipoprotein types A-I and A-II. The primary HDL receptor is the class B scavenger receptor type
I (SR-BI) that is principally expressed in liver cells and binds with high affinity to the lipoprotein,
allowing selective cholesterol uptake by hepatocytes. Unfortunately, for cancer targeting, SR-BI does
not offer the specificity required. Therefore, to improve the selective uptake of HDL, Corbin et
al. have shown both in vitro and in vivo that labeling the apoprotein component with FA enables the
active and targeted delivery of the HDL-based nanocarriers to FRa-positive cancer cells by selective
uptake of the nanocarriers via FRa interaction.’! HDL NPs represent a versatile and efficient drug-
delivery nanosystem. The HDL apoA-I establishing a network of hydrophobic interactions between
its helixes and the NPs lipids allows NPs size control, and by coating and fastening nanoparticles'
phospholipidic layer on the outside, offers a discrete number of sites for tumor ligands conjugation.
HDL NPs exhibit nanoscale size and a phospholipid shell, which allows them to elude the reticular
endothelial system (RES), HDL NPs have nano-sized dimensions and a phospholipid shell, which
allows them to evade the reticular endothelial system (RES), thereby conferring the non-
immunogenic characteristics of these nanocarriers and long blood circulation. The fully
biocompatible HDL NPs can easily pass through the endothelium, accessing most tissue
compartments.®> According to compositional data analyses, in FA-HDL(DiR-BOA) NPs 44
molecules of FA are covalently bonded to the apoA-I external amino acid residues. Instead, the NIR
dye DiR-BOA shows sufficient hydrophobicity to be trapped in the nonpolar HDL NPs core, and,
four fluorophore molecules are successfully included in each particle. FA-conjugated HDL NPs,
selected for in vitro and in vivo experiments, have an average hydrodynamic diameter of 14.17 + 3.29
nm according to DLS measurements and were prepared using a co-sonication method. The FRa-
targeting efficiency of FA-HDL (DiR-BOA) NPs has been in vitro assessed in FRa-overexpressing
malignant murine ovarian cell lines (IC5-MOSEC), incubated with FA-conjugated NPs and non-
conjugated NPs. A high amount of FA-HDL(DiR-BOA) NPs accumulated in the IC5-MOSEC cells
after 3 hours of incubation. In contrast, the absence of FA in HDL(DiR-BOA) NPs has almost
completely compromised the nano-probe uptake, and the negligible amount of un-functionalized NPs
detected was likely due to uptake via SR-BI. Indeed, the subsequent western blot analyses confirmed
that IC5-MOSEC exhibits a weak SR-BI expression. The FRa-mediated enhancement of the NPs'
cellular uptake has been verified by further inhibition studies using an excess of free FA, which
inhibited the cellular accumulation of fluorescent NPs. On the contrary, FA HDL(DiR-BOA) NPs
internalization has not been markedly conditioned by the excess HDL, confirming that SR-BI is not
involved in the notable increased cellular uptake observed in IC5-MOSECs. Following intravenous



(IV) or intraperitoneal (IP) administration, fluorescent FA-HDL NPs were in vivo evaluated for their
ability to target FRa-positive cancer in an intraperitoneal mouse model of metastatic ovarian cancer
(IC5-MOSEC). Whole-body fluorescence imaging was performed on sacrificed mice 24 hours post-
injection to monitor the bio-distribution of fluorescent nano-probe. Little to no tumor fluorescence
was observed following IV FA-HDL(DiR-BOA) NPs administration at a dose of 4 nmol of DiR-
BOA/mouse. In contrast, the liver was the primary site of the fluorescence detection. In contrast,
fluorescent signals following IP injection of the same dosage of NPs revealed a significant NPs
accumulation in the tumor lesions dispersed throughout the abdomen and in free-floating metastatic
cells in the ascites. Instead, in mice IP administered, the liver showed almost no fluorescence. The
local delivery of FA-HDL(DiR-BOA) into the IP cavity most likely allows the IC5-MOSEC cancer
cells to extract the fluorescent nanoparticles from surrounding compartments, bypassing the first-pass
metabolism. Ex vivo images of the tissues and organs excised were later collected from mice IV and
IP administered with the FA-HDL(DiR-BOA) NPs, showing consistency with the whole-body
images. To demonstrate the improvement of specific tumor-targeting by the FA-functionalization of
NPs, the un-functionalized ones were IP injected into metastatic ovarian cancer-bearing mice. The
following whole-body fluorescence imaging showed that the non-functionalized nano-probe failed to
highlight the IC5-MOSEC tumors. Moreover, fluorescent images of ascitic fluids and cells showed a
moderate uptake of NPs by free-floating metastatic ovarian cancer cells inside the ascites of mice.
Previous flow cytometry analyses had shown that the IC5-MOSEC cell lines exhibit a low level of
expression of SR-BI. The majority uptake of HDL NPs by these cells has been likely due to the
nonspecific interactions. In summary, the local-regional administration of FA-HDL(DiR-BOA) NPs
offers a promising approach for specific FRa-positive ovarian cancer-targeted fluorescence imaging
for diagnosis and guided surgery, with a lower systemic toxicity.!'

Folate-specific activatable probe

The folate-specific activatable probe (FSA) has been designed for in vivo NIR fluorescence imaging
of ovarian cancer. In FSA (Aaps=655 nm; Aen=688 nm), FA is connected to the NIR dye ATT655
throughout a peptide linker (Figure 10). In contrast to most NIR ““always-on” type agents currently
developed; the FSA fluorescent signal is "turned on" only inside the FRa-positive tumor cells. Indeed,
after internalization via FRo-mediated endocytosis, the tumor-associated lysosomal enzyme
cathepsin B catalyzes the peptide linker cleavage, releasing the fluorescent-free dye.

Figure 10.

The design of the in situ activatable fluorescent type of probes is justified by the need to minimize
background signals to improve the tumor-background ratio (TBR). Cathepsin B activates the FSA
fluorescence emission. FSA treated with a catalytic amount of the enzyme increases its basal
fluorescence intensity by 3-fold. The enzyme-inducted fluorescence is suppressed by pre-treating
cathepsin B with its inhibitor E64. Treating FSA with other cathepsins did not lead to fluorescence
emission. Neither human serum albumin (HSA) nor bovine serum albumin (BSA) implicates the non-
specific fluorescence activation of FSA. Indeed, after 4 hours of incubation of FSA with serum
proteins, no fluorescence has been turned on. FRa-overexpressing SKOV-3 cell lines were treated
with 1 uM of FSA probe and with 1 uM of free dye ATTO655. Except for a weak signal in the
extracellular space, the strongest fluorescent signal derives from the inside of the cell lines treated
with FSA. Instead, cell lines treated with the free dye showed the opposite scenario: the fluorescence



was detected only outside the cells. An excess of FA or its competitor, otherwise the pre-treatment of
SKOV-3 cells with the cell-permeable cathepsin B inhibitor (E64), resulted in a significant reduction
of fluorescence within the cells. The NIR probe has beenin vivo evaluated in subcutaneous
xenografted mouse models of SKOV-3, giving promising results. In mice IV administered with FSA
(15 nmol/20 g body weight), strong fluorescence signals were detected in tumor lesions with a high
TBS value (7.76 £ 0.88), data confirmed also by the ex vivo NIR fluorescence imaging performed on
excised organs and tissues. Instead, 3 hours post-injection, healthy tissues are not distinguishable
from tumors due to the high background signals in mice treated only with ATTO655. These findings
suggest that the FSA could represent a promising tool for FGS, as it can accumulate specifically in
FRa-positive tumors where its fluorescence is turned on, with a consequent lowest background
signal >

FA-fluoresceine (EC17) probe

EC17 (Figure 11) is an FRa-targeted fluorescence imaging agent currently in clinical investigations
and consists of folate conjugated with fluorescein (FITC) (EC17 Aaps=470 nm and Aen=520 nm; Stoke
shift=50 nm). As a contrast agent in fluorescence image-guided surgery, EC17 is currently under
clinical investigation for ovarian cancer as well as other conditions that overexpress the FRa,
including hyperparathyroidism, breast cancer, renal cell carcinoma, and pleural and pulmonary
malignancies.>*

Figurell.

Regarding feasibility as a fluorescent imaging agent for intraoperative ovarian cancer detection, EC17
is currently in clinical investigation phase 2 for FDA authorization. Ten patients aged between 50 and
72 years had been included in the first human clinical trial. Patients were diagnosed with epithelial
ovarian cancer (four patients), borderline serous tumor (one patient), and benign ovarian cancer (five
patients). During laparoscopic exploration in three of the four patients with a diagnosis of malignant
ovarian cancer, it was possible to detect FRa -positive malignancies by an intense fluorescent signal
10 minutes after IV administration of 0.1 mg/kg of EC17 (reduced from initial 0.3 mg/kg with the
intent to contain mild abdominal side effects). The mean TBR (considering the healthy peritoneal
surface as background) has been measured for 10 fluorescent tumor deposits in two patients with
ovarian cancer and was 3.1+0.8. In patients with the widespread disease (stage Ill, FRa -positive)
tumor-specific fluorescent signals allowed the excision of cancer deposits up to 1.0 mm. Malignant
tumor tissue not highlighted by EC17 fluorescence (1 patient with malignant ovarian cancer), as well
as benign ovarian cancer tissues, did not express FRa, according to post-operative
immunohistochemistry analyses, which in contrast showed a strong expression of the FRa in the
probe-illuminated samples. The fluorescent signals generated by EC17 remained detectable up to 8
hours after systemic administration, providing a surgical window also suitable for prolonged surgical
procedures.> On a further twelve patients with malignant ovarian cancer at various stages of the
disease, receiving intravenously 0.1 mg/kg over 10 minutes of EC17, nearly 50% developed mild and
no clinically relevant adverse reactions, just like in the previous human trial. After 2 hours from the
injection of fluorescein-probe, EC17 detected 57 lesions with a mean TBR=7.0 = 1.2. Histopathologic
post-operative analyses demonstrated that almost 77% (44 lesions) were malignant, while the
remaining excised fluorescence-highlighted tissues (28%) were benign. EC17 allowed the detection
of an additional 16% of malignant lesions during surgery that were benign-looking or too small to be
detected by manual palpation or the naked eye. Post-operative investigations have detected 3 false-
positive lesions that were not identifiable during surgery but revealed a strong fluorescence when



dissected. The intraoperative identification of these lesions has probably not been achievable because
of poor tissue penetration of light at A=500 nm. 5 out of 13 benign excised lesions were false positives
that expressed FRo and were detected by EC17 and removed. Instead, the 6 remaining false positive
lesions were rich in collagen, which causes autofluorescence at A=500 nm. Unfortunately, the mean
TBR of the false positives (5.4+1.0) was not significantly different from the TBR of true-positives
one (7.0 vs. 5.4). Even while EC17 has a short half-life (about 86.6 minutes) and excreted quickly,
tumor fluorescence remains strong with high TBR from almost 2 hours post-injection until 5 h later.
These pharmacokinetic properties of EC17 favor intra-operative imaging of ovarian cancer starting
two hours after dosage and over for a long period, confirming the results of the first human study.
Although EC17 has excellent pharmacokinetic properties and high specificity, being FRa a specific
tumor target, it does not have all the requisites necessary for fluorescence-guided surgery in ovarian
cancer. The visible emission of the probe with the consequently overlapping with the natural
autofluorescence of biological tissues and the reduced penetrative properties of light at A=500 nm
constitutes a significant limit for EC17 feasibility.>® Clinical investigations on the sensitivity and
specificity of EC17 in the intra-operative imaging of ovarian cancer have not been completed.%®%’

In-farletuzumab-IRDye800CW dual probe

n-farletuzumab-IRDye800CW is a hybrid probe because it simultaneously bears a radionuclide
("'In) and a fluorescent moiety (IRDye800CW, Figure 12).

Figure 12.

n-farletuzumab-IRDye800CW is an FRo-targeted antibody-based probe designed for pre-
operative and intra-operative detection of ovarian cancer lesions. Farletuzumab is an anti-FRa
humanized antibody, developed under the name MORAD-003 by Morphoteck Inc., currently also
studied as a therapeutic agent for ovarian cancer. The monoclonal antibody is labeled with the NIR
fluorescent dye IRDye800CW (habs=774 nm, Aem=789 nm in water) and with the radionuclide
111Indium allows both fluorescence imaging and microSPECT/CT analysis. In a dose-escalation
study on subcutaneous IGROV-1 xenograft models, optimal tumor-to-blood ratios (3.4 - 3.7) have
been observed at dual-probe doses up to 30 ng. After 3 days post-injection, tumor uptake rate remains
stable (39.3 + 5.8 % - 43.6 + 4.8 % injected dose/gram, ID/g %) in mice IV administrated with 3, 10
and 30 pg of dual-labeled farletuzumab. A decreasing tumor-to-blood ratio and consequently lower
tumor uptake has been observed at higher protein doses, probably due to the antigen saturation. The
dual-modality imaging was then investigated in an intraperitoneal IGROV-1 mice model IV injected
with 10 ug of '""In-farletuzumab-IRDye800CW. The pre-operative microSPECT/CT imaging and
intraoperative fluorescence imaging detected multiple abdominal lesions. The fluorescent moiety
allowed the resection of superficial and macroscopic tumor lesions and micro-metastases located
deeper within the abdominal cavity, which have been fluorescently highlighted and successfully
removed. Several tumor deposits under 1 mm were detected in the abdomen through fluorescence
imaging, even those barely visible to the naked eye. The histopathological analyses of the excised
lesions revealed that the radioactive and fluorescent signals observed during the pre-operative and
intraoperative imaging corresponded to malignant lesions expressing FRa. A consisting decrease of
dual-labelled probe uptake was observed in the mice co-injected with 10 pg of 'In-farletuzumab-
IRDye800CW and 1 mg of unlabelled farletuzumab (69.4 = 27.6 versus 18.3 + 2.2 % ID/g). Over-
injection of unlabeled mAb has likely induced a competitive antagonism, confirming the FRa-
mediated tumor uptake. Farletuzumab's lack of cross-reactivity to murine FRa led to high tumor-to-



normal tissue contrast. Therefore, this dual probe has shown high sensitivity in preclinical
investigations.*®

HSA&ICG-FA NPs and HSA&FITC-FA NPs

HSA&ICG-FA NPs and HSA&FITC-FA NPs are fluorescent dye-loaded human serum albumin
nanoparticles conjugated with folic acid (FA) to obtain a selective fluorescent probe for FRa-
overexpressing ovarian cancer. NPs characterized by suitable biocompatibility and biodegradability
are promising targeted drug-delivery systems, especially in cancer theragnostics. Indeed, the
enhanced permeability and retention effect (EPR) in solid tumors induces a passive targeted delivery
of NPs. Leaky vasculature and the reduced lymphatic drainage system that characterizes tumor
microenvironments establish a selective accumulation of NPs in tumor cells. Therefore, labeling and
biofunctionalization of NPs with specific ligands is a strategy to strengthen NPs selective tumor
uptake. Being a scaffold susceptible to various functional modifications, the HSA was used as a
building block to produce protein-based nanoparticles (NPs). Then, HSA NPs were loaded with the
FDA-approved ICG and FITC dyes, emitting respectively in the near-infrared and visible. Fluorescent
HSA NPs, obtained with a yield > 75% and a loading efficiency almost equal to 50% for ICG and
higher than 30% for FITC, exhibit an optimal diameter for passive targeting by the EPR effect, which
almost remains unvaried even after conjugation with FA (26.63 + 0.22 nm a polydispersity index
(PDI) of 0.24 + 0.01 for the HSA&ICG-FA NPs and 33.70 + 0.29 nm with a PDI of 0.23 £+ 0.01 for
the HSA&FITC-FA NPs). The two-fluorescent protein-based nanoparticles (HSA&ICG-FA NPs
Aabs=802 nm, Aem=814 nm; HSA&FITC-FA NPs Aas=491 nm, Aem=525 nm) showed high
photostability; the fluorescence intensity remained almost stable after 15 days. Folic acid was
covalently conjugated with the aminic groups on the NPs surface by an amide bond. MTT assays
performed using FA-conjugated NPson NIH: OVCAR-3, an ovarian cancer cell line known for the
FRoa-overexpression, confirmed the non-toxicity of the nanoprobe. According to competitive assay
outcomes, NPs conjugation with the natural ligand of FRo improves target-specific cellular
internalization of nanoprobe. In addition, FA, HSA, and other small molecules trigger a specific
cellular uptake, consisting of the caveolin-mediated potocytosis, during which NPs are included in
caveosomes, bypassing the lysosomal digestive low pH, thus maintaining their structural integrity.
Collected fluorescence microscopic images show that fluorescent vesicles do a noteworthy number
of round-oval NP-containing vesicles of 200-400 nm in cells treated with FA-labeled nanoparticles.
TEM images show NPs localized in an enlarged ER lumen, which appears normal even in cells treated
with unlabeled NPs. In addition, if treated with unlabeled NPs, fewer and smaller NP-containing
vesicles can enter cells, supporting the existence of a specific and increased cellular uptake
established by the NPs conjugated with FA, which results in high specificity of fluorescent HAS-FA
NPs, as fluorescence imaging tools for ovarian cancer detection.®

HSA&phthaloNO2-AB NPs

Protein-based nanoparticle technology has been employed to achieve a nanosized theragnostic agent
for targeted fluorescence imaging and multimodal therapy for ovarian cancer. HSA-based
nanoparticles obtained with a high particle yield (> 70%) have been loaded (loading efficiency ~
88%) with the phthalocyanine fluorescent dye Zn(I)-2,9,16,23-tetranitrophthalocyanine
(phthaloNO») endowed with a triple action. PhthaloNO, absorbs and emits light in the deep-red and
near-infrared (NIR) regions, but it also acts as a photothermal agent, as entering an excited state, when
irradiated by NIR light, generates heat to return to equilibrium. Indeed, temperatures higher than 40



°C in the cancer cell microenvironment determine thermal ablation of solid tumor lesions. Moreover,
phthaloNO> has photodynamic properties, and its photochemical interaction with light in the presence
of molecular oxygen (O2) leads to the formation of toxic radicals, such as reactive oxygen species
(ROS) in which the oxygen is in a singlet state ('O.), that induce cell death (apoptosis, necrosis, and
autophagy). To target FRa-overexpressing ovarian cancer, HSA&phthaloNO> NPs were labeled with
anti-FRo antibodies. HSA&phthaloNO2-AB NPs exhibit the size for the passive tumor-targeting
driven by enhanced permeability and retention (EPR) effect (28.3 £ 1.2 nm with PDI=0.32 + 0.05).
Furthermore, HSA&phthaloNO2-AB NPs, concerning the free phthaloNO2, have a slightly
hypsochromic shift (2 nm) in the absorbance spectrum (Aas=668 nm from Aas—=670 nm of free
naphtholNO,), 27 nm blue shift in the fluorescence emission spectrum (Aem=663 nm from Aem=690
nm), and a fluorescence intensity reduction. An in vitro study (MTT assay) performed on A2780
ovarian cancer cell lines overexpressing FRo showed that no significant change in cell viability occurs
when treated with HSA&phthaloNO»-AB NPs. In vitro, fluorescence imaging confirmed that
labelling fluorescent NPs with anti-FRa antibody enhances NPs internalization by the cancer cells if
compared to non-specific uptake of HSA&phthaloNO2 NPs. Moreover, the presence of the antibody
and the phthaloNO;-encapsulation inside the protein-based nanoparticles increases fluorescence
lifetime decay times (2.31 ns for HSA&phthaloNO>-AB NPs, 2.08 ns for HSA &phthaloNO; NPs and
1.90 ns for free-phthaloNO2). Deep-red/NIR fluorescent dye bounding HSA within the nanoparticle
probably does not dimerize to the non-fluorescent form. On the other hand, the 0.23 ns increase in
the lifetime decay time of antibody-decorated nanoparticles compared to undecorated nanoparticles
suggests the existence of different intracellular localization and/or internalization pathways of the
fluorescent agent when FRa is involved. Although furtherin vivo investigations are needed,
HSA&phthaloNO2-AB NPs have great optical potential as FRa-targeted fluorescence imaging nano-
sized agents.*

FolateSiR 1 probe

The NIR fluorescent probe FolateSiR consists of xanthene-based dye conjugated with folic acid
(FA).%% The folate-linked NIR probes currently under preclinical investigation have very low tumor-
to-background ratios and consequently longer washout procedures, up to 24 h, due to an extended
non-specific absorption on normal tissues. FolateSiR 1 was designed and developed to reduce non-
specific absorption and achieve quick and high-contrast detection of FRa-expressing tumors,
including ovarian cancer. The fluorophore selected was the xanthene-based dye Si-Rhodamine with
a carboxylic group inserted in phenyl-C2 (2-COOH SiR650, Aabs=652 nm and Aem=674 nm). Indeed,
a hydrophobic environment, such as plasma/inner membranes, promotes intramolecular cyclization
of 2-COOH SiR650 in its uncharged and nonfluorescent spironolactone form (Figure 13).6* The
cyclization combined with an intrinsic low level of non-specific binding probably contributes to
decreased background interferences.

Figurel3.

In the crystal structure of FA complexed with human FRa.,%?the pteridine nucleus is placed inside the
receptor binding pocket, thus leaving the glutamate moiety exposed to the solvent. Therefore, to
maintain the high ligand-receptor affinity, in FolateSiR 1, the fluorescent dye has been connected to
glutamate moiety through a negatively charged peptide linker, consisting of Asp-Lys-Gly, which
should also reduce the cell-membrane permeability of the fluorescent probe (Figure 14).%3

Figure 14.



At first, FolateSir 1 (Aabs= 652 nm and Aem = 674 nm) was in vitro evaluated on FRa-expressing (KB)
and FRa-non-expressing (OVCAR-3) cell lines. Strong fluorescent signals on cell surface were
observed on KB cells treated with 5 uM of FolateSiR 1. This peripheral fluorescence disappears in
the presence of | mM FA, confirming the specific interaction with the membrane-associated target.
Considering that the fluorescence was limited to the cell membrane and no bright dots were detected
inside the cells, the folate-linked fluorescent dye should not be internalized via non-FRa-mediated
mechanisms. Besides, no fluorescence was detected on FRa-non-expressing cells. Then, FolateSiR 1
was evaluated in subcutaneous animal models of FRa-(+)-tumor (KB cells). Mice have been IV
injected with 100 uM of folate-linked fluorescent probe for in vivo fluorescence imaging. From the
images obtained at different time points, using the Maestro In vivo Imaging System (CRi Inc.,
Woburn, MA), changes in the value of the tumor-to-background ratio (TBR) have been monitored.
Using a grey intensity scale (from 0 to 255), the ratio of fluorescentscent intensity of tumor masses
to healthy tissue used as a reference (muscle in this case) was determined. As shown in Image 1, 30
minutes after FolateSiR-1 injection, the TBR value was 83 and the tumors were distinctly visible with
high contrast; up to 6 hours after injection, TBR remained high.

Image 1.

In subcutaneous mice models of FRa-(-)-tumors (HT1080 cells) no fluorescence has been detected.
Furthermore, when 6 mM FA saline was IV administrated to KB-tumor-bearing mice, followed by
100 uM FolateSiR 1, fluorescence showed no signals (except those in the stomach probably due to
feeding). Therefore, FA acts as a competitor for FRa, indicating that the NIR probe specifically
interacts with the target. FolateSiR 1 was able to selectively ex vivo highlight patient-derived ovarian
cancer tissue. Despite little binding to normal tissues (collected from normal tissues adjacent to tumor
lesions), matching the immunostaining images with fluorescence images suggests the potential
applicability of FolateSiR 1 for intraoperative tumor detection.®

FA-BSA-AuNCs

Hada et al. propose FA-BSA-AuNCs as a contrast agent for fluorescent-guided imaging of ovarian
cancer. The nanoprobe consists of BSA-stabilized photoluminescent gold nanoclusters (BSA-
AuNCs) functionalized with folic acid to obtain FRa-targeted detection. AuNCs are made up of a few
up to 200 gold atoms usually protected by macromolecules, and exhibit peculiar physical and
chemical features, that make them suitable for several applications such as ions detection, catalysis,
molecular identification, sensing, biolabeling, cell and tissue imaging. BSA-AuNCs are potential
fluorescent contrast agents since they have a strong red-emission (A=670 nm) under an excitation
wavelength of A=530 nm. Furthermore, under excitation at A=280 nm, BSA-AuNCs exhibit two
additional emission bands at A=350 and A=415 nm assigned to the BSA and oxidized-BSA (0BSA),
which show visible-emitting fluorescence as biomolecules. According to dynamic light scattering
(DLS) and Transmission Electron Microscopy (TEM) measurements, BSA-AuNCs have an average
size of 25+12 nm. Moreover, at high-resolution TEM images (HRTEM images), the AuNCs appear
as defined structures of approximately 2—3 nm located within a corona made up of BSA chains.
Afterward, the functionalization with FA increases the BSA-AuNCs' average size of 3 nm and alters
slightly their photoluminescence. Under excitation at A=350 nm and A=530 nm, a 15 nm bathochromic
shift of the BSA-specific emission band has been observed, while the BSA-AuNCs
photoluminescence has a moderate hypsochromic shift (12 nm). These spectral alterations do not
compromise their functionality but show that biofunctionalization successfully occurred. The contrast



agent biocompatibility has been evaluated up to a concentration of 40 mg/ml via MTT assays that
were performed on FRa-overexpressing NIH:OVCAR-3 cell lines, treated with both unfunctionalized
and FA-functionalized BSA-AuNCs. The latter showed slightly superior biocompatibility, probably
due to the FA's important role in cell division. Using wide-field conventional epi-fluorescence
microscopy and confocal fluorescence lifetime imaging microscopy the agent cellular uptake was in
vitro evaluated. The accumulation of the targeted and untargeted tracers in the cytoplasm, particularly
in the perinuclear area, was observed using microscopic imaging. Instead, no fluorescence was
detected in the nuclei. This evidence demonstrates that the agent can cross the cell membrane in a
specific and non-specific manner. Compared to BSA-AuNCs, the functionalized-BSA-AuNCs have
demonstrated a higher cellular uptake by NIH:OVCAR-3 cell lines, confirming the occurrence of a
specific and more advantageous FRa-mediated internalization. Instead, the untreated control samples
have shown no fluorescence, except for a weak auto-fluorescence that is typical of biological
structures. These results suggest that the FA-BSA-AuNCs represent promising contrast agents for
early diagnosis and image-guided surgery of FRa-positive ovarian cancer.®?

FA-ZW800-1-Forte probe

To obtain a fluorescent imaging agent that specifically targets FRa-positive-ovarian cancer, Garcia
de Jalon et al. have conjugated the NIR fluorescent dye ZW800-1-Forte (Aex=774 nm, and Aem=802
nm) to folic acid (FA) throughout an ethylenediamine (EDA) linker (Figure 15). ZW800-1 Forte is
the more stable analogue of the ZW800-1 dye. Indeed, ZW800-1 Forte has a stronger C-C bond than
the ether linkage on the meso carbon present in ZW800-1. Being a zwitterion with a net charge of
zero ZW800-1 Forte shows a reduced non-specific binding to, e.g., serum proteins, and as a result
has a lower background signal as a contrast agent.®*

Figure 15.

To assess the specificity of the conjugated FA-ZW800-1 Forte-binding to FRa, low intermediate and
high FRa-expressing cell lines were treated with three different concentrations (10 uM, 1 uM, and
0.1 uM) of the agent. After 4 hours of incubation, fluorescence imaging of the cell lines showed that
the most intense fluorescent signal derived from the endometrial cancer cell line HeLa, which had the
highest extent of FRa-expression. In addition, a specific binding assay was performed on HelLa cells
at the three previous concentrations in the absence and presence of 100-fold excess FA. The presence
of the natural ligand of FRa strongly reduced the fluorescent signal, especially at the lowest
concentration of the agent, indicating the specific interaction between the NIR probe and the target.
Using a water-soluble tetrazolium salt assay kit (WST-1, Roche Applied Science, Germany) the in
vitro toxicity of FA-ZW800-1 Forte was assessed in SKOV-3 cell lines. At concentrations between
0.1 and 100 uM, neither cytotoxicity nor cellular proliferation inhibition was observed. The FA-
ZW800-1 Forte biodistribution was in vivo performed on subcutaneous SKOV-3 ovarian cancer
models. Mice were intravenously injected with the tracer when mean tumor volumes reached a size
of approximately 150 mm3. Each mouse received a selected dose of 500 nmol of FA-ZW800-1 Forte,
based on the results of the prior preclinical study using another folate-NIR conjugate agent for in
vivo fluorescence imaging (OTL38%). At first time point, the agent exhibited a strong background
signal; however, with time, a rapid renal clearance reduces the background noise, perhaps because of
the high hydrophilicity of the tracer. Indeed, a strong fluorescent signal was detected in kidneys in
the following ex vivo fluorescence analysis of excised tumor lesions and organs. FA-ZW800-1 Forte
has an acceptable value of TBR (2.0 £ 0.2) 4 hours post-injection, the best timing for fluorescence
imaging purposes. Fluorescence imaging detection was performed in the subcutaneous xenograft of
two FRa-positive tumor cell lines (SKOV-3 and A549) that exhibited a different rate of the target



expression. As evidence of the FA-ZW800-1 Forte's capability to specifically detect FRa-tumors,
tumor models with higher FRa-expression (SKOV-3) displayed the most fluorescent signal
intensities. Therefore, ZW800-1 Forte has shown some potential as a fluorescent contrast agent for
ovarian cancer fluorescence-guided surgery, but further investigations are still needed.®®

Plu-IR780-chit-FA nanoprobe

The Plu-IR780-chit-FA is a NIR-fluorescent and responsive nano-platform designed for targeted
theragnostic applications against FRo-overexpressing ovarian cancer. The nanosystem consists of
water-soluble micelles made up of amphiphilic copolymer Pluronic F127 and then loaded with the
hydrophobic NIR dye IR780 (Figure 16).

Figure 16.

The Plu-IR780 micelles are coated with a shell of FA-functionalized chitosan for FRa-targeted
ovarian cancer recognition. Pluronic F127 is a synthetic and thermo-sensitive copolymer approved
by the FDA and selected for its ability to self-assemble into nano-micelles in an aqueous solution
Structurally, it consists of a modification of a block of poly-(ethylene oxide) (PEO) and poly-
(propylene oxide) (PPO). The Pluronic micelles have been loaded with the NIR dye via a rapid and
reproducible synthesis. The encapsulation efficiency was 69%. Externally covering Plu-IR780
micelles by the chitosan, a biopolymer that presents in its structure many aminic residues, offering
binding sites for various targeting ligands such as FA. In contrast to the majority of nanocarriers under
development, designed to only satisfy one purpose at a time, Plu-IR780-chit-FA is a cancer-targeted
theragnostic agent that has been realized with the intent to combine the NIR fluorescence optical
proprieties of a contrast agent with the photothermal and photodynamic effect of a therapeutic agent.
Indeed, in addition to strong fluorescence emission and high photostability, IR780 displays NIR-
light-induced photo-cytotoxic properties, releasing heat and generating high reactive-oxygen species
(ROS) under laser line irradiation (A=785 nm). Nevertheless, the nanoprobe has shown superior
heating efficiency compared to the free IR780 in water. In contrast, its singlet oxygen generation
efficiency was comparable to that of the free dye in an organic solvent. Made up of a thermo-sensitive
copolymer, the Plu-IR780-chi-FA nano-probe shows both a temperature-dependent size distribution
and spectral characteristics. Pluronic micelles' dimensions decrease with the increase in temperature
from a few hundred to around ten nanometers. At physiological conditions (37 °C) the diameter of
the nano-probe corresponds to 32 nm, according to DLS measurements. Regarding fluorescence
spectral profiles, the temperature affects both fluorescent signal intensity and absorption/emission
band position reversibly. At physiological temperature (37°C) Plu-IR780-chi-FA exhibits a
maximum absorption intensity (Aas=790 nm) and an emission profile comparable in intensity to
standard conditions' one (25 °C) with a position red-shift of 18 nm (Aem=808 nm). The fluorescent
nanoprobe also presents an additional absorption peak at 290 nm corresponding to the folic acid
absorption band, proving that FA-conjugation successfully occurs. Being Plu-IR780-chi-FA designed
for biomedical use, its cytotoxicity has been in vitro evaluated on NIH:OVCAR-3 cell line using
WST-1 assay. After 24 hours, the fluorescent nano-probe showed no significant effects on cell
viability, except at the highest concentration (23 pg/mL). The dye encapsulation markedly limits the
known cytotoxicity of free IR780, which has been observed even at the lowest concentrations (2.4
ug/mL). A series of targeting assays performed on ovarian cancer cell lines have in
vitro demonstrated the high FRa-targeting capability of Plu-IR780-chi-FA. Differently from the FA-
unlabelled micellar nanoparticles (Plu-IR780-chi), Plu-IR780-chi-FA have shown an FRa-targeting
ability considerably improved. Indeed, the strongest fluorescence intensity was observed in FRa-
overexpressing NIH:OVCAR-3 cells treated with the nano-probe FA-conjugated. Comparing images
obtained by NIR fluorescence confocal microscopy of FRa-positive (NIH:OVCAR-3) and FRa-
negative (A2780-Cis) ovarian cancer cell lines treated with the Plu-IR780-chi-FA, the strongest



fluorescent signals were detected in the FRa-expressing cells. The fluorescence detected in
NIH:OVCAR-3 appeared immediately intense maintaining stability up to 30 minutes of incubation.
In contrast, in A2780-Cis cells a weaker fluorescence was observed, which presented a slight increase
in intensity during incubation, indicating a continuous cellular non-specific uptake. Recorded NIR
fluorescent images revealed that after specifically internalized via FA-FRa, the FA-functionalized
nanoparticles mainly localize in the perinuclear region of cytoplasm without penetrating the nuclear
membrane, differently from a free dye which after cellular uptake shown to be uniformly distributed
in the whole cytoplasm. Based on these results, the Plu-IR780-chi-FA revealed a real potential as a
contrast FRa-targeted-agent for in vivo imaging-assisted ovarian cancer surgery.®

FA-IR780&PFOB-SNPs

FA-IR780&PFOB-SNPs is an acid-responsive IR780-loaded nanoprobe, designed for FRa-targeted
fluorescent detection of ovarian cancer. According to TEM analyses, FA-IR780&PFOB-SNPs exhibit
a spherical structure consisting of a perfluorooctyl bromide (PFOB) internal nanocore, and an external
polymeric shell made up of poly (lactic-co-glycolic-acid) functionalized with folic acid, poly (2-ethyl-
2-oxazoline), and poly (ethylene glycol) (FA-PEOz-PEG-PLGA). Song et al. has engineered an
activatable fluorescent nanoplatform that exploits the self-quenching property of the NIR fluorescent
dye IR780 (Aaps=795 nm), whose fluorescence is quenched when the dye aggregated at high
concentrations, turning on when a greater distance between molecules of dye is re-established. 87-5°
Being characterized by a pH-responsive framework, the nano-probe can disassemble in a specific
way in the acidic tumor microenvironment, releasing the IR780 dye molecules, which become
fluorescent again as they move away from each other. Indeed, measured by a NanoSight NS300
(Malvern Instruments, Malvern, United Kingdom), the activatable nanoparticles size decreased from
291.20 £ 82.70 nm at pH 7.4 to 115.50 £ 28.00 nm at pH 4.0, confirming previous study results on
IR780-loaded nanoparticles.”® FA-IR780&PFOB-SNPs possess a mitochondrial targeting capability
in ovarian cancer cells and respect to the dye-unloaded SNPs, enter inside the cell more rapidly,
showing a better distribution in the mitochondria. At the concentrations of 20-80 pg/mL, FA-
IR780&PFOB-SNPs showed no in vitro toxicity on ovarian cancer cell lines (SKOV-3 cells, CCK-8
assay), even if cell viability decreases significantly when the nano-probes reach the 120 pg/mL, likely
due to the increased amount of IR780.”* According to in vivo safety evaluations, no significant
toxicity was observed at dosages below 50 mg/kg of FA-IR780&PFOB-SNPs. For in vivo
fluorescence imaging of ovarian cancer, the fluorescent nanoparticles are IP administered (10 mg/kg)
in xenografted ovarian cancer mice models, to exploit the passive accumulation in peritoneal tumors
of the nanoparticles,’”? in addition to the folate-mediated active targeted-internalization. After IP
injection, FA-IR780&PFOB-SNPs reach the peak in serum concentration in 24 h, showing a half-life
of 40.16 £10.88 h. The complete elimination of the nano-probe occurs approximately in 9 days,
consequently, the fluorescence imaging is performed 72 hours after IP administration. The activatable
FA-IR780&PFOB-SNPs have shown a modestly improved NIR fluorescence imaging ability in
subcutaneous ovarian cancer mice models, in comparison to IR780-loaded folate-targeted ordinary
nanoparticles (fluorescence always on nanoparticles) and used as control.%® Indeed, FA-
IR780&PFOB-SNPs can detect the subcutaneous tumor implants with higher contrast, due to a lower
intensity of the background fluorescent signals, from the surrounding normal tissues. Despite,
according to histopathology analyses, the two types of fluorescent nanoparticles, both the ordinary
and activatable, specifically accumulate in cancerous tissues, TBR for FA-IR780&PFOB-SNPs (3.05
+ 0.15) is significantly higher than that of the control group (2.24 + 0.15). Nonetheless, the best
outcomes have been achieved evaluating the NIR fluorescence imaging of FA-IR780&PFOB-SNPs
in intraperitoneal mice models of ovarian cancer. Indeed, FA-IR780&PFOB-SNPs can delineate



tumor boundaries, since the fluorescence signals detected in cancerous lesions have significantly
higher intensity, in comparison to those observed in the surrounding normal tissues. In the
intraperitoneal models, the average of TBRs obtained for FA-IR780&PFOB-SNPs is 30-fold higher
than that of the controls, which were treated with ordinary IR780-loaded nanoparticles (62.71 + 4.84
for FA-IR780&PFOB-SNPs, and 2.45+0.07 for control). Moreover, the activatable nano-probe can
be detected with high contrast (TBR average=7.62 + 2.07) micro-metastases characterized by
maximum diameters less than 2 mm. In conclusion, the FA-IR780&PFOB-SNPs have demonstrated
concrete potential as a contrast agent for intraoperative NIR fluorescence imaging of ovarian cancer.®’

Pafolacianine (OTL38)

Pafolacianine (named OTL38 in clinical trials phase I and phase II), commercialized as Cytalux™,
is the first fluorescent imaging agent for ovarian cancer fluorescence-guided surgery that received
FDA approval. The probe consists of folic acid conjugated to an indocyanine green-like near-infrared
dye (Aex=776 nm, Ae=796 nm) (Figure 17), that allows targeted detection of FRa, expressed in more
than 90% of epithelial ovarian cancers. Furthermore, pafolacianine is currently under clinical
investigation as a contrast agent for fluorescence-guided surgery for FRa-positive lung, pituitary,
bladder, stomach, and kidney neoplasms.

Figure 17.

In phase I, the tolerability and pharmacokinetics of increasing doses of OTL38 have been investigated
in 30 healthy volunteers. Then, its feasibility as a contrast agent for the intraoperative detection of
FRa-positive ovarian cancer was assessed in 12 patients undergoing cytoreductive surgery. At first,
in the safety investigation, hypersensitivity-like reactions were observed after injection with the
selected lowest dose of OTL38. According to DLS and TEM analyses, formulation of the contrast
agent (diluted in 0.9% NacCl solution) inducing OTL38 aggregation, was considered the cause of
pseudo-allergic reactions. Therefore, to avoid OTL38 aggregation, the NIR agent was diluted in 5%
dextrose and infused for 60 minutes in another trial, which showed dose-dependent adverse events.
Nevertheless, being such events not clinically meaningful, OTL38 was considered endowed with a
toxicity profile suitable for IV administration. Scheduled for cytoreductive surgery, ovarian cancer
patients were intravenously infused with the contrast agent 2-3 hours before the procedures, the time
window necessary to clear it from the blood, as seen in the pharmacokinetic-profile study in healthy
volunteers. Accumulated in FRa-positive tumors and metastases, the NIR agent enabled surgeons to
resect and collect 83 lesions. Out of the total, 62 were found to be malignant on histological
examination, achieving approximately 75% of true positives. More specifically, OTL38 allowed the
detection of 29% more tumor lesions not identifiable by visual inspection and/or palpation,
highlighting malignant lesions up to 8 mm below the tissue surface. The highest value of the tumor-
to-background ratio (TBR, mean=4.4, range: 1.7-9.8), was reached at a dosage of 0.0125 mg/kg,
which was lower than the doses selected at the beginning of the trial, and it remained stable until 6
hours after injection. It was observed that the TBR value decreased at an increasing dose of OTL38,
probably due to the non-saturable and nonspecific background binding of the fluorescent probe.®
Data collected in the phase I study has provided the guidelines to proceed to the phase II clinical trial,
in which the safety and efficacy of OTL38 have been assessed on a larger cohort consisting of 44
subjects. In this phase, patients were strictly monitored from the IV administration time up to 28 days
after the surgical procedure. Although almost all patients (90.9%) reported at least one treatment-
emergent adverse event (TEAE), just 18.2% (8/44) were drug-related, consisting of mild
gastrointestinal disorders that resolved within 24 hours. Instead, the majority of TEAEs were



procedure-associated. To reduce image acquisition time, 2-3 h before the surgery all patients were
infused with 0.025 mg/kg of OTL38, rather than 0.0125 mg/kg identified as the optimal dosage in
phase L. The efficacy analyses were performed exclusively on those subjects (29/44) who had received
the drug and were exposed to fluorescent light, presenting at least one FRa-positive ovarian cancer
lesion. From the 29 patients, 225 lesions were collected, 75% of which were proved to be true positive
(TP), which were the FRa-positive tumor lesions confirmed by both fluorescence of OTL38 and/or
immunohistochemistry. However, according to the data, just 10% of false positives (FP) were
confirmed and the majority of these were lymph node-located FRB-expressing lesions. In the phase
II trial, the agent sensitivity was defined as the ratio of the number of the TP over the number of FRa-
positive cancer lesions confirmed just by immunohistochemistry. Since the study used two different
statistical models to evaluate the data, depending on the model employed, the sensitivity of the NIR
agent measured was 85.93-97.97% for FRa-positive ovarian cancer with lower 95% confidence
interval boundaries of 81.19—-87.75. Assuming a possible correlation of lesions within the patient, the
Generalized Linear Mixed Model (GLMM) analysis has estimated a higher sensitivity of 97.97%.
Furthermore, as compared to the phase I trial, the phase II expanded cohort of subjects underwent in
the clinical trial has revealed an additional 48% of patients who have at least one lesion that was
identified by imaging alone and was not detectable by the naked eye or through manual inspection
during the surgery.”® The phase III clinical trial led to FDA approval in November 2021 and involved
178 subjects, who should have to underwent cytoreductive surgery for known or suspected ovarian
cancer. The open-label study was conducted from March 2018 through November 2020 in 11 centers
in the United States (10 sites) and the Netherlands (one site). After an initial screening, among all the
deemed suitable patients and administered pafolacianine (150 of 178), only 134 were randomly
assigned to undergo intraoperative fluorescence imaging. Instead, 6 subjects were examined just by
white normal light and palpation. The remaining 10 were excluded from the study for disease
extension, adverse events, or benign biopsy. The pafolacianine safety was evaluated in all patients
who received it (150). Only 45 subjects have signaled drug-related TEAEs, reporting mostly mild
symptoms (69% of the cases). Instead, in 28 cases the infusion was interrupted for a mean interruption
duration of 13.7 minutes. The infusion was then resumed, and the agent-planned dose was entirely
administered in 22 patients, while the dosage was reduced in 3 subjects. However, adverse events or
infusion reactions had both onset and resolution on the same day as the infusion. Notwithstanding,
the safety profile has been shown consistent with pafolacianine phase I and phase II clinical studies.
The secondary but not less important objective of the phase III trial was to assess the efficacy of the
NIR agent in providing detection and resection of FRa-positive lesions not detectable by palpation
and normal white light. Therefore, like phase II, efficacy has been assessed on data collected from
those subjects who received pafolacianine and, were assigned to undergo NIR imaging, and had
pathology histologic confirmation of at least one FR-positive ovarian cancer lesion (109 of 178
patients). Subjects have been infused with 0.025 mg/kg of Pafolacianine more than 1 h before the
surgery and they first have been examined for lesion detection under normal white light and palpation.
After that, patients underwent NIR imaging, and the lesions identified by the pafolacianine were
compared to those detected by normal white light and palpation (Image 2).7*

Image 2.

The contrast agent allowed to resection of at least one more FRa-positive ovarian cancer lesion,
confirmed by the central pathology analyses in 33% of the 109 subjects. NIR agent alone detected
the smallest lesions excised, which were mostly peritoneal and retroperitoneal micro-metastases;
while the largest one measured approximately 1 cm, the smallest one measured 3 mm in its longest
dimension. Based on the identification of 221 FP lesions out of 616 NIR-positive lesions, the FP rate
at the lesion level was estimated to be approximately 33%. It is right to keep in mind that the resection



of false-positive lesions, especially those situated in lymph nodes, might represent a concern. The
presence of fluorescence in lymph nodes has been also observed in the preceding phase I and phase
I study of pafolacianine and it was mostly due to FR expression. The lymphadenectomy in the
Ovarian Neoplasms (LION) trial reported that the removal of clinically negative lymph nodes could
implicate an increase in morbidity and mortality. Nevertheless, although further studies are needed to
exclude the potential increased surgical risk of the use of pafolacianine, up to now it represents the
first and the only fluorescent imaging agent clinically approved for ovarian cancer intraoperative
detection.”

3.2 Integrin oyf3

Integrins are cellular membrane-anchored heterodimeric glycoproteins, which structurally consist of
two subunits a and S.!3 Integrins mediate cellular adhesion to extracellular matrix (ECM) proteins as
well as to other cells. In addition, integrins can establish transmembrane connections with the
cytoskeleton and activate several intracellular signaling pathways. To date, 24 different heterodimers
are known and characterized by different combinations of the 18 variants of a-subunit and 8 of -
subunit. Each heterodimer has its specificity toward extracellular components such as collagen,
laminin, fibronectin, and vitronectin. The adhesion and signaling events mediated by integrins are
involved in physiological functions such as immune response, hemostasis, cell survival, and cell
differentiation. Thus, dysregulation of integrin functions is associated with the pathogenesis of
thrombotic vascular disorders, auto-immune disease, and cancer metastasis.”>’® Being particularly
expressed in endothelial cells of developing vessels, ayf3-integrin is known especially for its crucial
role in angiogenesis.”’ Although interacting predominantly with vitronectin, oyf3-integrin also
interacts with fibrinogen, fibronectin, and thrombospondin, and the signals generated within the cell
have a significant impact on growth, migration, invasion, differentiation, and survival. In several
tumors including breast, prostate, glioblastoma, metastatic human melanoma, and ovarian cancer,
upregulation of avfs-integrin expression has been associated with the development of the malignant
phenotype. In particular, Landen ef al. have reported that ayfs-integrin contributes to increasing the
proliferation and invasion of ovarian cancer cells. Although the expression of the f3 subunit is not yet
examined, the av subunit has been found in 100% (of 30 samples) of ovarian tumors and cells from
effusions in 96% (of 121 samples) of patients. In vitro, ayf3-integrin has been demonstrated to play a
crucial role in ovarian cancer cell migration and motility, through interaction with the ECM proteins,
especially with its primary ligand, vitronectin. Thus, having the further advantage of being little
expressed in healthy tissues, o.f3-integrin represents a promising tumor-specific target.’

Fluorescent RAFT-(cRGDfK);s (AngioStamp®)

The AngioStamp® molecule (Fluoptics, Grenoble) is a NIR fluorescent tracer evaluated for the
intraoperative o.f3-targeting detection of tumors.”*3" AngioStamp® (Aex=690 nm; the wavelength of
emission ranging within the 690-700 nm) is a regioselectively addressable functionalized template
(RAFT), formed by a cyclic decapeptide platform onto which a targeting domain consisting of four
cyclopeptides (cCRGDfK = c[Arg-Gly-Asp-p-Phe-Lys) and a NIR fluorescent moiety (chemical
structure not available) have been inserted (Figure 18).3!

Figure 18.



Since ECM proteins such as fibronectin, vitronectin, osteopontin, and thrombospondin specifically
interact with integrins through the RGD (Arg-Gly-Asp) peptide motif, over the last thirty years,
several researches were performed to develop specific RGD-like ligands for selective distinguish
various integrins.®? The RAFT-(cCRGDfK)4 platform was developed by Boturyn ef al. as a molecular
tool RAFT-based which has in a spatially controlled manner a four-ligand domain for oy/3-integrin
recognition, a cell targeting (cCRGDfK) and a labelling domain for attachment of a radiolabel or a
fluorophore. The in vitro biological activity evaluation of several multivalent RAFT-(cRGDfK)s-
conjugates has shown that they retain the recognition and selectivity for oyf3-integrin of the
cyclopeptide module cRGDfK. In addition, it has been observed that RAFT-(cCRGDfK)4-conjugates
are efficiently internalized inside the cells via receptor-mediated endocytosis, suggesting the potential
efficacy of the RAFT-based system as a biological active platform for ayf3.targeted drug delivery for
diagnostic or therapeutic purposes.®®> Garanger et al. have shown that RAFT(cRGDfK)4 conjugated
with a NIR fluorescent dye (Cy5) can detect human oy/3-positive IGROV1 ovarian carcinoma
metastasis disseminated in the peritoneal cavity of subcutaneous murine models with a low level of
nonspecific binding.** Based on these findings, Mery et al. have performed a preclinical investigation
of AngioStamp® as a NIR fluorescent agent for real-time intraoperative detection of ovarian cancer
which overexpresses oyf3-integrin. To validate its specificity and sensitivity, AngioStamp® has been
in vivo evaluated in xenograft murine models of ayf3-overexpressing human ovarian cancer (SKOV-
3 cells, IGROV-1 cells, or OVCAR-3 cells). Tumor lesions were easily detectable 18-24 h following
IV injection of AngioStamp® (10 nM). Moreover, in intraperitoneal mice models of metastatic ovarian
carcinoma, AngioStamp® allowed the detection and removal even of infra-millimetric nodules (0.25
mm), undetectable without fluorescent imaging. Since 70% of ovarian cancer patients undergoing
chemotherapies and surgical treatment experiments intraperitoneal recurrence, the capability of
AngioStamp® to detect tumor lesions even after chemotherapy treatment has been assessed in vivo.
Frequently, relapse is connected to minimal residual lesions that being unidentified during surgery,
are left in situ, silently spreading in the intraperitoneal cavity. Therefore, to simulate the typical
clinical condition, mice intraperitoneally grafted with ovarian cancer cells (OVCAR-3) were injected
with AngioStamp® (10 nM) when the disease relapsed, exactly following 60 days of treatment with
topotecan. AngioStamp® showed the same high sensitivity, allowing detection and resection of the
tiny widespread metastases, unidentifiable by the naked eye. Moreover, AngioStamp® has shown high
sensitivity and efficacy in the identification of tumor lesions in patient-derived xenograft murine
models, established using samples of serous papillary adenocarcinomas or tubal carcinomas (low or
high-grade) collected from patients before or after carboplatin/paclitaxel treatment. ayf3-Integrins
expression in samples employed had been previously confirmed using immunohistochemistry
analyses, which had detected high levels of the target's expression. Nevertheless, among all the
experiments carried out, nonspecific fluorescence has been observed in the bladder, kidneys, and
uterus of 20% of animals. Whereas uterine fluorescence may be explained by an up-regulation of
owf3-integrin, during the endometrial phase of the menstrual cycle in mammals,® the nonspecific
signal found in the urinary organ is probably connected with the processes of agent elimination.
Moreover, even if all the lesions resected showed malignancy, the detection of a false positive lesion
in lymph nodes was reported in 3 of 60 mice.?’ Despite AngioStamp® demonstrated to be an efficient
and specifically ayfs-targeted contrast agent, Mery ef al. conducted a further study, deepening the
capability of AngioStamp® to be used as a fluorescent tracer for different types of tumors, to assess
its potential in wider clinical use. Supporting this purpose, an in vivo study performed on patient-
derived xenograft murine models of oyf3-positive and oyf3-negative ovarian tumors showed that
AngioStamp® can detect ovarian tumor lesions in an ayf3-integrin-independent manner. The study
had been accomplished since only 50% of human ovarian cancer overexpresses the oyf3-integrin.
Therefore, AngioStamp® has been evaluated as a fluorescent tracer in subcutaneous models of several



solid cancers including carcinoma (HCT 116), adenoma (SKOV-3), and glioma (U87), which were
characterized by different levels of ayf3-integrins expression. Although with different fluorescence
intensity which was directly related to integrins expression level, AngioStamp® (2 nmol) can highlight
tumor nodules in all investigated mice. Data from previous studies have been confirmed, and a
nonspecific fluorescence has been detected in the kidneys and bladder. After a first rapid increase, in
both cases, the unspecific fluorescent signal decreases to reach a basal level at 5 hours post-injection.
However, the best tumor-to-background ratio has been reached between 17 and 24 hours post-
injection, the range which has been indeed the perfect time window for surgery. Even though
AngioStamp® was initially developed as a tumor angiogenesis tracer, the high level of neo-
vascularization of solid tumors does not explain the agent's efficacy in the targeted detection of
several tumors. Indeed, AngioStamp® has demonstrated the ability to label non-oyfs-integrin-
expressing tumor cells as well as endothelial cells located inside tumor nodules, according to the
macroscopic and microscopic fluorescence analyses of resected lesions collected from murine
models. These findings suggest that other phenomena could be involved, such as the well-known
“enhanced permeability and retention” (EPR) effect, which has a significant role in the passive
targeting of drugs to tumor tissues. Moreover, a proof-of-concept trial has been performed on three
dogs and a cat bearing different types of cancers (breast tumors, ovarian cancer, and cutaneous
carcinoma). The use of the tracer AngioStamp® enabled intraoperative detection of carcinomatosis
sites 18-24 hours post a single injection of 0.15 mg/kg for dogs, and 0.3 mg/kg for cats. All the nodules
which exhibited low, moderate, or high fluorescence have been resected from pets and all turned out
to be malignant according to post-operative pathological analyses. AngioStamp® did help veterinary
surgeons to perform a more accurate tumor removal, highlighting small nodules undetectable by only
visual inspection by the surgeon. Since AngioStamp showed good tolerability and no significant toxic
effect in mice models as well as in pets, it proved to be a promising fluorescent imaging agent for
intraoperative tumor-specific detection.®® In a work published in 2022, Josserand et al. used a NIR
fluorescent labeled AngioStamp (AngioStamp800, labeled with IRDye800CW, Figure 12) to compare
conventional surgery and fluorescence-guided surgery. Moreover, the action of AngioStamp800 was
compared to the clinically approved fluorescent tracer ICG. Finally, the influence of neoadjuvant
chemotherapy was investigated.®”®® Indeed, in orthotopic peritoneal carcinomatosis mice models of
ovarian cancer, the surgeon performed a tumor resection in 2 steps. Firstly, they performed a
conventional laparotomy procedure under normal light including hysterectomy, bilateral adenectomy,
and resection of all tumor nodules detectable by the naked eye. Then, cytoreduction was further
completed under fluorescence guidance using the Fluobeam®800. Finally, the mouse body was
imaged by bioluminescence to assess the final tumor residues in mice after the surgery. Mice were
implanted with 107 SKOV3-Luc cells to monitor tumor growth and peritoneal invasion by in vivo
bioluminescence imaging (IVIS Kinetic, Perkin Elmer, Waltham, MA, USA). Animals received an
IV injection of 1.6 mg/kg Angiostamp800 (10 nmol/mouse) and 4 mg/kg ICG (113 nmol/mouse). The
posology used was selected based on literature data.’*° Then, 16 hours after administration of
Angiostamp800, mice were intraperitoneally injected with 150 mg/kg of D-luciferin for imaging by
bioluminescence to assess the final tumor residues in mice after the surgery. The same surgical
procedure was applied three days after neoadjuvant chemotherapy in intraperitoneal mice model of
carcinomatosis of ovarian origin. Animals received two cures four days apart: paclitaxel (IV injection
of 10 mg/kg) and carboplatin (IV injection of 40 mg/kg). Angiostamp800 as well as ICG showed an
immediate fluorescence signal in the tumor followed by a gradual decrease up to 24 h. The fluorescent
probes’ clearances were kidney-mediated and liver-mediated, for Angiostamp800 and ICG
respectively. Indeed, high signals were observed in the kidneys and liver, which showed a higher
signal than the tumor. However, in vivo, fluorescence imaging demonstrated specific and high tumor
uptake of poth probes after intravenous injection, and data were confirmed by ex vivo fluorescence



imaging on collected organs at 24 h. Conventional surgery allowed the removal of 88.0 + 1.2% of the
total tumor mass in mice. Employing AngioStamp for performing fluorescence-guided surgery
allowed the resection of additional nodules, enhancing the total tumor resection by 9.8 £ 0.7%, with
only 1.4% of false positives. Instead, ICG allowed only the additional 3.9 + 1.2% of tumor resection.
After neoadjuvant chemotherapy treatment, fluorescence-guided surgery with Angiostamp800
allowed the resection of 88.7 + 4.3% of the total tumor, while with conventional surgery only 69.0 £
3.9% of total tumor masses had been removed. On the contrary, ICG did not improve surgery at all.
Angiostamp800 confirms its-self as a promising fluorescent probe for better detection of ovarian
tumors and metastases than the clinically used fluorescent tracer ICG and can help surgeons
completely remove tumors, even in surgery procedures after neoadjuvant chemotherapy treatment.®’

IntegriSense 680

IntegriSense 680 (Perkin & Elmer Medical, Woburn, MA, USA) is a commercial fluorescent av/3-
integrin targeted probe, currently approved for research use only. The probe is a non-peptide small
molecule (chemical structure not available), having a selective and potent antagonist action against
avp3-integrin, linked to a NIR fluorophore. IntegriSense has Aex=675 nm and Aen=693 nm. Harlaar et
al. have in vivo evaluated IntegriSense's feasibility as a fluorescent imaging agent for intraoperative
ovarian cancer detection on intraperitoneal xenograft mice models of ovarian adenocarcinoma
(A2780 cells). Mice have been IV injected with IntegriSense (dosage not available) 24 hours before
the surgery. Out of a total of 58 fluorescent lesions collected during the procedure, only 17 were false
positive (FP) according to post-operative histopathological analyses. Thus, IntegriSense has shown a
sensitivity of 100%, measured as the ratio of true positive (TP), fluorescent lesions revealing to be
malignant at histological assay, and the sum of TP and false negative (FN), consisting of non-
fluorescent tumor lesions. Instead, the specificity (ratio of the number of true negatives (TN) lesions
excised, i.e., non-fluorescent healthy lesions, and the sum of TN and FP) obtained by IntegriSense
did not reach 88%. In summary, this NIR fluorescent probe has demonstrated a diagnostic accuracy
of 96 % (measured as the (TP + TN)/(TP + TN + FP + FN). On the contrary, obtained TBR values
were below the average generally required. Indeed, measured using image analysis software ImageJ
(National Institutes of Health, Bethesda, USA), TBR has been calculated as the ratio of tumor
intensity and the background tissue intensity. With a mean of 2.2, TBR related to skin was 4.2, and
TBR related to muscle was 5.5. Nevertheless, IntegriSense could offer a practical advantage in
intraoperative ovarian cancer detection, even if further investigations are needed.”!

RGD-based probe SQRGD2

SQRGD?2 is a fluorescent RGD-based probe designed for the targeted detection of ayfs-integrin
overexpressing ovarian cancer.% The targeting moiety consists of an RGD motif, which is known to
be specifically recognized by owfs-integrins.®? In SqQRGD2 (Figure 19), two RGD-sequence-
containing cyclopeptides (cCRGDfK) are connected to a central fluorophore (NIR-emitting squaraine
dye, Sq). SQRGD2 (Aex=667 nm, Aem=679 nm) has been in vitro evaluated on OVCAR-4 cell lines, in
which ayfs-integrin receptors expression is up-regulated. After 30 h from the treatment with
SgRGD2, the fluorescence intensity detected in the cells was 2.3 £ 0.7 times greater than the intensity
of cells treated with the corresponding monovalent analogous probe (SQRGD). SQRGD?2 is taken up
by endocytosis specifically ayfs-integrin mediated, through an active transport membrane process.
Pre-treatment of cells with hypertonic sucrose and nystatin, known inhibitors of the clathrin- and



caveolae-mediated endocytosis, strongly reduces cellular uptake of SQRGD2, which occurs following
two specific pathways. Moreover, SQRGD2 and its monovalent analogous have been in vivo evaluated
on OVCAR-4 tumor-bearing mice, that were 1V injected with 3 nmol of either probe. 3 hours post-
injection, mice were sacrificed and organs, as well as the tumor masses, were excised and imaged
using an in vivo imaging system. The ex vivo analysis of samples collected has revealed that tumors
were lighted in a 3 times greater manner by SQRGD2 in comparison with the monovalent SQRGD.
A strong fluorescent signal has been also detected in the kidneys, liver, and lungs, which is consistent
with previous studies on RGD-based probes, which showed to require many hours for completion of
body clearance. Indeed, the majority of peptide-based fluorescent agent shows an increased non-
specific accumulation in healthy organs.®*-* Thus, despite further in vivo investigations being
necessary, the deep-red fluorescent RGD-divalent squaraine probe (SQRGD?2) has the potential as an
avB3-integrin targeted agent for fluorescent-guided surgery of ovarian cancer.%?

Figure 19.

3.3 Epidermal Growth Factor Receptor (EGFR)/human Epidermal Growth
Factor Receptors 2 (HER-2)

Human epidermal growth factor receptor-2 (HER-2) belongs to the epidermal growth factor receptor
(EGFR) family, which includes four members: HER-1(or EGFR1), HER-2 (or ErbB2), HER-3, and
HER-4. EGFRs are tyrosine kinases transmembrane receptors that work as dimers. They form four
homodimers and six heterodimers. Binding with transmembrane receptor tyrosine kinase ligands
through the ectodomain, EGF receptors undergo an allosteric transition which leads to dimerization,
and the subsequent protein kinase activation, trans-auto-phosphorylation, and initiation of signaling
cascades.”®® HER-2 is a transmembrane glycoprotein of 185 kDa which, differently from other
EGFRs, does not directly bind with ligands and its activation is dimerization-mediated. While the
HER-2 homodimers do not interact with any of the known growth factors, when HER-2 dimerizes
with other EGF receptors can recognize growth factors and be activated.”’*® Involved in the activation
of intracellular signaling pathways related to cell proliferation, differentiation, and survival, HER-2
is overexpressed in a variety of tumor types including breast, ovarian, cervical, colon, cervical,
endometrial, esophageal, lung, and pancreatic cancers.”’>"!% In particular, the amplification of HER-2
induces phenotypic changes associated with more aggressive disease, including increased cell
motility, cell proliferation, and/or invasive ability.!®! HER2 status is a well-known prognostic and
predictive marker in invasive breast cancer. Still, several investigations report that HER-2 is
overexpressed in 52.5% of epithelial ovarian cancer patients. As for breast cancer, the high level of
HER-2 expression has been associated with more aggressive tumor phenotypes and poorer clinical
outcomes.”>102-103

AF680-labeled phage-J18

Asar et al. have employed peptide-displaying bacteriophage technology for obtaining biological
nanoparticles that have been adequately modified for allowing a targeted in vivo detection of ovarian
cancer cells.!® Using a two-tier through phage display technique, which involves in vivo selection
rounds in tumor-bearing mice followed by in vitro screening against cultured tumor cells,
Soendergaard et al. have identified the ovarian-cancer-targeting peptide RSLWSDFYASASRGP
(J18).19 After labelling with the NIR dye AlexaFluor 680 (Figure 15, Aex=679 nm; Aem=702 nm), it



has been investigated in vitro the phage clone (pJ18) binding ability and its specificity for ovarian
cancer cells, using fluorescent microscopy and modified ELISA. According to fluorescent
microscopy analysis, the in vitro evaluation in cancerous and non-cancerous cell lines has shown the
biotinylated-peptide J18 to possess a marked affinity for ovarian cancer cell lines (SKOV-3 and
OVCAR-3), whereas only a minimal-level of binding has been observed in both breast cancer cells
(MDA-MB-435) and embryonic kidney cells (HEK293). Moreover, in contrast to wild-type (WT)
phage, which lacked foreign peptides, pJ18 has shown a significantly increased binding capability to
adenocarcinoma cell lines (SKOV-3 cells), confirming the occurrence of a specific interaction J18-
mediated. Since the peptide J18 exhibited an enhanced affinity towards SKOV-3 cells compared to
OVCAR-3 cells, based on differences between their expression profiles, Asar et al. hypothesized that
EGFR may be the potential surface antigen intercepted by J18. Indeed, known for their higher
invasiveness potential, SKOV-3 cells exhibit a higher EGFR expression than OVCAR-3 cells.!%108
Moreover, in support of this, it has been observed minimal binding to breast cancer cell lines that lack
EGFR expression (MDA-MB-435 cells) by J18.!% However, further studies are needed for the exact
J18-target identification. According to a cell-based dose-response assay, performed at peptide
concentrations ranging from 10 nM to 300 pM, J18 displayed saturation binding kinetics to SKOV-3
cells with ECs0=22.2 + 10.6 pM, consistent with previously identified peptides using phage display
technology.!'>!!! A biodistribution study of AF680-labeled pJ18, performed on subcutaneous
xenograft models of ovarian cancer (SKOV-3 cells), has revealed that the bacteriophagic optical
agents undergo a rapid clearance in early hours after IV injection, by the reticuloendothelial system
(RES), as already been observed for nanoparticles in general.!'?"!'3 Indeed, at 4 hours post-injection,
while tumors do not exhibit a strong NIR fluorescence, high fluorescence intensities have been
detected in the liver, spleen, and lungs. Similar results were obtained previously in phage
biodistribution studies.!®!"4!7 Therefore, 2 hours following IV injection with pJ18 (1012
transducing units, TU), NIR fluorescence imaging performed on SKOV-3-xenografted mice showed
strong fluorescence in tumors, combined at sufficient tumor-to-background ratio values (data not
reported). In conclusion, enabling easy tumor in vivo visualization, AF680-labeled pJ18 deserves
further investigation as an ovarian cancer-targeting fluorescent nano-agent for the detection and
diagnosis of the disease.!!?

BrCy106-NHS-doped optical viral ghosts (OVGs)

Vankayala ef al. have developed virus-mimicking nanoparticles, hereafter named optical viral ghosts
(OVGs), for targeted NIR fluorescence imaging of ovarian cancer. OVGs have been functionalized
with antibodies against HER-2 and doped with the NIR bromo-cyanine dye BrCy106-NHS (Figure
20) to obtain a targeted detection of tumors.!'!®

Figure 20.

These virus-mimicking nanoparticles consist of capsid protein (CP) subunits derived from genome-
depleted plant infecting brome mosaic virus (BMV). The wild-type BMV genomic contents have been
deleted, and only the CP subunits of the virus have been used to encapsulate the bromo-cyanine dye.
In a prior in vitro investigation, Guerrero ef al. demonstrated the specificity of ICG-doped anti-HER2
OVGs in targeting SKOV3 cells, which express high levels of HER-2, using fluorescent imaging
microscopy and flow cytometry. Moreover, a competitive binding assay, in which SKOV3 cells were
incubated with free antibodies and anti-HER2 OVGs for two hours, demonstrated the specific
antibody-mediated internalization of virus-mimicking nanoparticles by tumor cells. Indeed, the mean
fraction of fluorescent SKOV3 cells decreased by 1.5 and 5.4 times, respectively, when the amount



of free antibody increased from 300 ng to 1.2 pg.!'” About spectral characteristics, in addition to the
absorption in the 700-900 nm spectral band, consistent with BrCy106-NHS-dye-loading, anti-HER-
2 OVGs present an absorption peak at 280 nm, attributable to the tyrosine, tryptophan, and cysteine
residues of the CP. Instead, the fluorescent emission reaches the peak at 750 nm, and in the emission
spectrum, an additional blue-sided shoulder (ranging from 675 nm to 715 nm) is present, likely
originating from the monomeric and H-like aggregate forms of BrCy106-NHS.'?° According to DLS
analyses, the average size of OVGs measures 37.8 + 2.3 nm, with a poly-dispersibility index (PDI)
in the range of 0.1-0.4, exactly 0.289.''® Since do not exceed 200 nm in dimension, virus-mimicking
nanoparticles may reach tumors driven by the enhanced permeability retention (EPR) effect.!?!"122
The OVG's efficacy has been evaluated in intraperitoneal mice models of human ovarian cancer
(SKOV3 cells). Anti-HER2-OVGs were suspended in a particles-stabilizing buffer (RNA assembly
buffer lacking DTT) before injection into mice, and then, the OVGs pellet was combined to achieve
an effective dye concentration of ~120 pg/ mL for injection. Following an IV administration, mice
have undergone fluorescence imaging investigations for a timepoint range of 2—24 hours. At 24 hours
post-injection, the fluorescence from tumors reaches its highest level in intensity, with a TBR value
of ~ seven (7.6). TBR, measured as signal-to-noise ratio (SNR), considers the respective average
fluorescence intensities associated with a given region of interest (ROI) of tumors that have received
the optical agent or the RNA assembly buffer (as control). In mice injected with anti-HER-2 OVGs,
the fluorescence intensity is significantly higher than that observed in animals injected with non-
functionalized OVGs or non-encapsulated BrCy106-NHS. That has confirmed the improvement
generated by both functionalization and encapsulation of optical viral ghosts. The use of anti-HER2
OVGs may offer a useful technique for real-time intraoperative detection of ovarian tumors, thus
providing a technology for image-guided surgery.''®

3.4 Claudin-3 and Claudin-4

Claudins belong to a large family of integral membrane proteins. Together with occludin, claudin
proteins are essential components of the tight junctions (TJs). The TJs tie polarized epithelial and
endothelial cells through a continuous network at their most apical region. TJs carry out a barrier
function, preventing the paracellular transport of solutes, and, a fence function, maintaining the
membrane polarity. Much evidence suggests that claudin proteins also have signaling functions, this
is supported by the presence of C-terminal PDZ (postsynaptic density protein (PSD95), Drosophila
disc large tumor suppressor (Dlgl), and zonula occludens-1 protein (zo-1)) binding domains in their
protein sequence.!?*!%5 Serial analyses of gene expression (SAGE) allowed the investigation of
ovarian cancer genetic fingerprints.'?* The genes encoding claudin proteins have been identified
among the most highly up-regulated and overexpression of claudin 3 and claudin 4 was found in all
ovarian cancer subtypes (80 - 84% of the cases were positive for claudin-3, whereas 60 - 71% for
claudin-4).!?* Significantly higher levels of these TJs proteins were found in chemotherapy-
resistant/recurrent ovarian tumors when compared with chemotherapy-naive ovarian cancers.
Localized in the cellular membrane, claudins are mis-localized in cancer cells, often detected in the
cytoplasm. Claudin-3 and only a low rate of claudin-4 were detected in healthy ovarian epithelial
tissues. Therefore, the overexpression in all ovarian cancer subtypes of these proteins is correlated
with malignancy, and up-regulation of claudin-3 and 4 is correlated to ovarian cancer development.
Their overexpression could prevent normal TJs formation and function. Indeed, cancer cells typically
show a deficiency of TJs, with a consequent loss of physiologic cellular polarity and permeability.
This permits an easier diffusion of substances necessary for the growth and survival of cancer cells.
Claudin 3 and 4 represent the natural interaction sites for Clostridium perfringens enterotoxin (CPE)



and are the only claudin protein family members able to bind CPE mediating the toxin cytolytic
mechanism. CPE is a single polypeptide consisting of 319 amino acids. CPE generates epithelial cell
permeability alteration up to cellular osmotic lysis through the interaction with claudin 3 and 4.
Structure-activity relationship studies of the polypeptide revealed that the CPE290-319 COOH-
terminus fragment (cCPE) is responsible for the high-affinity binding with targets but unable to form
the small molecular complex that brings to cytolysis, hence it is not toxic.'?®> These characteristics
make cCPE an ideal carrier for targeting theragnostic agents to ovarian cancer cells overexpressing
claudin 3 and 4.'%7

FITC-conjugated CPE peptide

cCPE has been conjugated to fluorescein isothiocyanate (FITC, Aaps=490 nm, Aem=525 nm), giving a
FITC-conjugated CPE peptide, which was evaluated in vitro and in vivo as ovarian cancer
fluorescent-tracer. FITC-cCPE accuracy and specificity have been assessed in vitro using patients-
derived ovarian cancer cells. The cells OSPC-ARK-1 and CC-ARK-1 were proven to express claudin
3 and 4 by RT-PCR. Flow cytometry analysis confirmed that the carboxy-terminal fragment of CPE
conjugated to FITC was able to label all primary ovarian cancer cells expressing claudin 3 and 4. The
probe identifies ovarian cancer cells with 100% specificity and high mean fluorescence intensity
(MFI) values. In agreement with the flow cytometry results, fluorescent images confirm that the probe
lights all primary ovarian tumor cells, which had not shown intrinsic fluorescence before the treatment
with FITC-cCPE. The fluorescence intensity of the fluorescently labelled peptide proved to be time
and dose-dependent. Fluorescence, detected after 30 minutes, emitted by chemotherapy-resistant
ovarian cancer cells, increased in intensity until 6 hours of incubation. Furthermore, a specific staining
pattern is appreciable: localized spots on the tumor cell surface. This patterning suggests that the
probe could be internalized and compartmentalized inside the tumor cell after binding with claudins.
Confocal microscopic images 3D reconstruction supports this evidence. FITC-cCPE internalization,
observed after 30 minutes of incubation, likely increases the probe's ability to concentrate and mark
tumor burden. To determine the ability of FITC-cCPE to in vivo localize ovarian cancer cells, mice
harbouring OSPC-ARK-1-derived tumors were IV injected with FITC-cCPE (100 pg). At different
time points (30 minutes to 48 hours), tumors, normal organs, and ascites were examined for
fluorescence by a whole-body optical imaging system. The images show a strong and selective
fluorescent signal derived from the tumor, with the highest MFI value 24 hours after IV injection
(2592 + 1303). Interestingly, the fluorescent peptide was able to target tumor spheroids and even
single chemotherapy-resistant ovarian cancer cells floating in the ascites of the OSPC-ARK-1
xenografted model.'”” IP administration has been in vivo investigated for FITC-cCPE on animals
harbouring chemotherapy-resistant human ovarian cancer. The fluorescence signals of tumors rapidly
increase, showing the highest MFI (741.7 + 124.2) at 6 hours after IP injection (10 pg). Compared to
MFTI calculated for multiple normal organs excised, MFI values of disease were significantly higher.
As observed after IV administration of FITC-cCPE (100 ng), millimetric metastases (i.e., micro-
implants disseminated in the abdominal cavity and tumor spheroids floating in the ascites) have been
fluorescent-targeted by FITC-cCPE after IP injection (10 pg) into mice harboring OSPC-ARK-1
primary chemotherapy-resistant ovarian cancer. These data suggest the ability of the probe to detect
occult micro-metastases not clinically identifiable. Despite the great potential, the use of FITC-cCPE
as an intraoperative fluorescent probe for fluorescence image-guided surgery (FIGS) has relevant
limitations associated with the fluorescent moiety. FITC absorbs and emits (480/535 nm,
respectively) in the visible light range (between 390 and 700 nm), which also includes the high
absorption and scattering of biological tissues. The interferences associated with biological tissue



autofluorescence may significantly compromise the ability of FITC-cCPE to discriminate between
normal and malignant tissues.'?®

CW800-cCPE

A modified version of cCPE, with a residue of cysteine at the N-terminus, has been conjugated to
IRDye CW800 maleimide (Figure 12, Aans=774 and Aem=789 in water and PBS), generating the near-
infrared (NIR) probe CW800-cCPE. CW800 is widely used in cancer optical imaging due to its safety
profile. As NIR dye provides a good tissue penetration and optimal tumor-to-background ratio,
because of low absorption and emission of biological tissues at these high wavelengths (A > 750 nm)
and the resulting low background interference. Furthermore, the chemical structure of CW800 allows
for suitable and stable conjugation to target moieties such as peptides or small molecules. CW800-
cCPE has been previously in vitro evaluated for its binding affinity to claudin 3 and 4: peptide binding
properties remain unchanged after the NIR dye conjugation. Kinetics and biodistribution of CW800-
cCPE have been in vivo investigated, following IP and IV administration on subcutaneous and
intraperitoneal models of chemotherapy-resistant primary ovarian serous papillary carcinoma
(OSPC-ARK-1). OSPC-ARK-1 cell lines were established from samples collected from patients at
the time of disease recurrence (stage IV OSPC). After 30 minutes of IP injection of CW800-cCPE
(10 pg) in intraperitoneal models of human ovarian cancer, the NIR probe was able to detect the
disease with satisfying specificity. MFI calculated (considering an area of 5396 pixels) for the tumor
was significantly higher (156.55 + 23.73) than the MFI of other excised normal organs (ranging from
13.46 £ 1.35 in the brain to 95.72 + 18.19 in the kidney). CW800-cCPE detected small metastatic
lesions (a few millimeters) disseminated in the abdominal cavity of mice (10 ug of IP. CW800-cCPE)
harboring intraperitoneal metastatic OSPC-ARK-1-derived tumors. The small-sized tumors
disseminated in healthy organs were likely detectable due to the absence of background interference,
with negligible signals coming from surrounding healthy tissues. The tumor-targeting capacity of
CWB800-cCPE has been in vivo evaluated in mice harboring subcutaneous human chemotherapy-
resistant ovarian cancer following systemic (IV) injection. After IV administration of 25 pg of NIR
probe, total body fluorescence distribution has been visualized at different time points. At first (6 h),
CW800-cCPE spreads throughout the animal body, in the tumor as well as in normal organs. After
longer incubation times (24 - 96 hours), a specific and progressive accumulation in the tumor occurs.
TBR peaked after 48 hours of injection. The same value (48 hours) is obtained on the patient-derived
xenograft (PDX) model generated from chemotherapy-naive ovarian cancer patients injected with 25
ug of CW800-cCPE. After IV injection with equimolar concentration of the free NIR dye into size-
matched subcutaneous models of OSPC-ARK-1, negligible fluorescent targeting was detected. These
results confirm that the specificity of the probe is related to the binding of cCPE with the targets
(claudin 3 and 4). In vivo, toxicity studies have been carried out on mice with sized-match OSPC-
ARK-1-derived subcutaneous tumors. Mice have been injected IP and/or IV with different doses of
CW800-cCPE (ranging from 10 to 100 pg) and monitored over three months. No acute and/or chronic
toxicity has been observed. CW800-cCPE (25 pg, IV administration) has proved to be able to detect
micro-metastatic lesions (<1 mm) located in the abdominal cavity of mice harbouring intraperitoneal
metastatic OSPC-ARK-1-derived ovarian tumors (Image 3).1%8

Image 3.

Using real-time fluorescence imaging technology, the NIR probe (25 pg, IV administration) allows a
highly sensitive and specific detection of disease in a PDX model of chemo-naive ovarian cancer and,
in a xenograft model of chemotherapy-resistant uterine serous carcinoma (USC, highly aggressive
subtype of endometrial cancer overexpressing claudin-3 and 4). These data suggest that CW800-
peptide may represent a safe and highly sensitive optical probe for the real-time intraoperative



visualization of averagely large (i.e., 10 — 12 mm) tumor masses but also micrometastatic lesions
(<1mm), not clinically visible.1?8

3.5 Cluster of Differentiation 44 (CD44)

CD44 (cluster of differentiation 44) antigens form a ubiquitously expressed family. CD44 is a
glycoprotein located on the cellular surface and involved in cell-cell interactions, cell adhesion, and
migration. Indeed, the integral component of the extracellular matrix, hyaluronic acid, represents its
principal ligand. Other CD44 ligands include osteopontin, serglycin, collagens, fibronectin, and
laminin. CD44 is involved in a wide range of physiologic and pathological processes such as
lymphocyte activation, recirculation and homing, hematopoiesis, and tumor metastasis.'?* Among
markers of ovarian cancer stem cell (CSC), CD44 is the most common, and according to several
studies, CD44 may be a reliable indicator for the identification of ovarian CSCs.!** Bhattacharya et
al. associated CD44 expression and stem-like characteristics and chemoresistance in ovarian cancer
cells.!3! Moreover, Suarez et al. demonstrated that CD44 could play a role in spheroids formation in
ovarian cancer, promoting invasion and metastasis dissemination.!*?

LbL DCNPs

Using the layer-by-layer (LbL) assembly technology, Dang et al. have fabricated a NIR-11 fluorescent
nanoprobe for in vivo targeted detection of ovarian cancer. The nanoprobe consists of a multilayer
structure that contains the inorganic fluorescent dye DCNP (NaYo.78Ybo2Ero.022F4) encapsulated in
the amphiphilic partially alkyl amide functionalized poly(acrylic acid) (PAA). PAA provides a fully
negatively charged core suitable to be subsequently coated with two barrier layers, the biocompatible
poly(L-arginine) (PLA) and dextran sulfate (DXS), respectively. Finally, the outmost layer consists
of a natural polysaccharide, hyaluronic acid (HA), which provides not only a surface suitable for
further functionalization but also a targeting capability; indeed, HA represents the primary ligand of
CD44, over-expressed in ovarian cancer cells. Negatively charged, with a Cpotentia=—30 mV, the
completed LbL. DCNPs possess an optimal hydro-dynamic diameter for systemic delivery (within
200 nm) and establish a monodisperse system, with a PDI between 0.1 and 0.2, according to DLS
measurements. The LbL DCNPs reach the excitation peak at A=980 nm and the maximum in emission
at A=1,575 nm, showing a very high Stoke's shift. /n vivo, biodistribution and pharmacokinetics
studies revealed that LbL NIR-II nanoprobe after an IV administration rapidly (1-second post-
injection) firstly accumulates in the heart and within 30 seconds in the other major organs (lungs,
liver, spleen, and circulatory system). The whole-body diffused fluorescent signals remain stable for
1 hour. Up to 72 hours post-injection, the liver and spleen constitute the main fluorescence sources,
which, being part of the reticuloendothelial system, as expected, are responsible for NPs clearance.
Likely due to the highly hydrophilic external HA layer, which prevents above all binding with
hematic proteins, LbL DCNPs exhibit an extended blood half-life of 24 hours. Histopathological ex
vivo analyses performed on excised organs show that LbL DCNPs are functionally nontoxic and
suitable for biomedical applications. In xenografted murine models of ovarian metastatic cancer
(COV362 cells), it has been in vivo assessed the LbL DCNPs' ability to detect tumor lesions. After
IV injection with a single dose of the nano-agent (1 mg/mL, 200 uL), the whole-body NIR-II
fluorescence imaging performed on mice indicated a preferential targeting of LbL DCNPs to
tumorous tissue. 72 hours post-injection, the contrast action of LbL DCNPs facilitated the excision
of organs and tumor lesions. The nano-agent down-converted NIR-11 fluorescence emission permits
the individuation of in-depth small lesions in the abdominal cavity, while the up-converted green



fluorescence emission, which is visible by the human eye, allows cellular-level detection with a low
level of autofluorescence interference. Substantially, several tumor lesions, distributed within the
abdominal cavity or invading vital organs such as the liver, pancreas, and intestine have been
successfully detected in a tumor-specific and non-invasive manner. Thus, despite further
investigation being essential, this fluorescent nanoplatform may represent a useful contrast agent for
real-time imaging-guided surgery, as well as for monitoring the progression and treatment response
of tumors. 13

3.6 Lysophosphatidic acid (LPA)

Lysophosphatidic acid (LPA: mono-acyl-sn-glycerol-3-phosphate, Figure 21) is a small and
structurally simple phospholipid, that carries only one fatty group.

Figure 21.

LPA is a cell membrane lipid derivative and a metabolic intermediate that is involved in several
biochemical, physiological, and pathological processes, ranging from vascular development and
neurite remodeling to inflammation and tumor progression.!*13% Seeing as it has been observed a
significantly higher LPA concentration in patients with gynecologic malignancies in comparison with
healthy controls, Xu et al. first demonstrated that LPA may represent a potential biomarker for
gynecological cancers, and for ovarian cancer in particular. Indeed, 98% of patients with ovarian
cancer, and 95% of patients affected by gynecological cancers, present high levels of LPA.!*
Subsequently, several studies demonstrated the presence of LPA at high concentrations in both ascitic
fluid and plasma of patients with ovarian cancer, suggesting that LPA represents a promising
biomarker of ovarian cancer with high specificity and sensitivity.!’

G4RGDSq2

G4RGDS@2 is a NIR fluorescent imaging agent designed for sensing and detection of LPA, an
ovarian cancer-specific biomarker widely distributed in cells and tissues. The probe selectivity relies
on two structural elements. First, consisting of a peptide skeleton on which are inserted four guanines
and two squaraine dyes (Figure 22), the fluorescent probe responds to the polarity change of the
surrounding environment. Indeed, in aqueous solutions, G4ARGDSq2 assumes a folded state stabilized
by hydrogen bonds between the guanines, and this conformational restriction turns off the probe
fluorescence. In contrast, the fluorescence turns on when the probe binds the target, which establishes
polarity changes in the tumor microenvironment, inducing the break of intramolecular hydrogen
bonds and a subsequent conformational change to an extended and fluorescent form. The second
element consists of the presence of two sequences of arginine-glycine-aspartic (RGD) repeated in the
chemical structure. RGD moiety is a targeting ligand to integrin receptor avPs, which is over-

expressed in ovarian cancer, and it improves the probe cellular uptake.
Figure 22.

The NIR fluorescent probe exhibits two absorption bands at 650 nm and 710 nm that correspond to
the absorption of RGDSq2 and G4RGDSq2, respectively, and emits at 720 nm. According to
spectrofluorometer analyses, LPA strongly enhanced intensities of absorption and emission. Indeed,
the quantum yield increases from 0.37% in the absence of LPA up to 6.0% in the presence of 10
equivalents of LPA. G4RGDSq2 can detect down to a minimum of 0.5 uM of LPA. G4RGDSq?2 (385
nm) and LPA (126 nm) compose a complex of 585 nm, according to DLS and TEM analyses. The



measurement of the Cpotential of G4RGDSq2—LPA, free LPA, and G4RGDSq2 has permitted the
identification of the nature of the binding between the fluorescent probe and the target, kept together
by electrostatic interactions established among RGD motif and LPA. Firstly, the G4RGDSq2
capability to detect LPA has been in vitro assessed. After incubation with G4RGDSq2 at a
concentration ranging between 0.5 and 2.0 pM, mean fluorescence intensity (MFI) measured on LPA-
overexpressing SKOV-3 cells is approximately 3—6 fold higher than human normal ovarian surface
epithelial cell lines (IOSE80) used as control due to their low level of LPA-expression. Observed at
confocal laser scanning microscopy (CLSM), both cell lines SKOV-3 and IOSE80 have shown red
fluorescence in the cytoplasm. Nevertheless, the higher cellular concentration of LPA of SKOV-3
likely has determined a stronger red fluorescent light emission than the control. Showing no
cytotoxicity in vitro (MTT assay), the turn-on fluorescent probe has been in vivo evaluated in
subcutaneous murine xenograft models of SKOV-3. After 24 h of IV injection (120 nm), G4RGDSq2
has successfully detected the tumor lesion only in the mouse not previously IV administered with the
LPA-inhibitor (S32826, 486 nmol) or avp3 integrin inhibitor (cilengitide, 170 nmol). Since no
fluorescence has been observed in the tumor lesions of the mice treated with the inhibitors,
G4RGDSQq2 presumably enters SKOV-3 cells via o3 integrin receptor, and it emits a red fluorescent
signal only in the presence of high levels of LPA in the tumor. Exhibiting no significant in
vivo toxicity, measured as histological alterations observed in excised normal organs, G4RGDSq2
has created promising expectations about its potential use as a detection tool for LPA-targeted NIR
fluorescence imaging of ovarian cancer suitable for both diagnosis and surgery procedures.'®

3.7 OC183B2 antigen

OC183B2 belongs to the Ig family and is an ovarian cancer-associated antigen.'** The OC183B2
expression has been in vivo evaluated in patients-derived tissue samples of ovarian cancer and FT
(fallopian tube) using IHC staining, employing COC183B2 as primary mAb. Indirect enzyme-linked
immunosorbent assay (ELISA) has been performed to determine COC183B2 binding specificity for
ovarian cancer-associated antigen. The level of OC183B2 expression has been found significantly
higher in ovarian cancer specimens than in FTs. With a higher OC183B2 rate in serous ovarian cancer
than in non-serous ovarian cancer, a relationship between OC183B2 expression and ovarian cancer
clinicopathological characteristics has been observed. In particular, the presence of the antigen is
associated with a positive prognosis. IF staining of samples with AlexaFluor488-COC183B2 reveals
the antigen cellular collocation. Strong fluorescent signals in the cytoplasm and dots of fluorescence
in the nucleus have been observed.'*’ IHC experiments have detected the expression of OC183B2 in
different histological subtypes of epithelial ovarian cancer (i.e., serous, mucinous, clear cell and,
endometrioid), different clinical stages and, different pathological grades. In addition, OC183B2 has
been detected in patients with derived epithelial ovarian cancer metastatic lymph nodes. The
simultaneous absence of OC183B2 expression in normal tissues and normal lymph nodes makes the
ovarian cancer antigen an epithelial ovarian cancer-specific target.!#0-14!

COC183B2-Cy7
CO0C183B2, a mouse MAb OC183B2-specific generated using hybridoma technology, is conjugated
to the NIR dye Cy7 N-hydroxy succinimide (NHS) ester (Figure 23, Aex=750 nm, Aem=773 nm). Dye-
to-protein ratio measured using the UV-Vis spectrophotometry is 2.4:1.

Figure 23.



COC183B2-Cy7 target efficacy has been in vivo investigated on subcutaneous xenograft mouse
models of serous epithelial ovarian cancer (SKOV3-Luc). Mice were subcutaneously implanted with
cell lines injected in BALB/c (Bagg albino laboratory-bred strain), which were previously evaluated
for OC183B2 antigen expression by IF staining (strongly positive signals were detected both in the
plasma membrane and cytoplasm of SKOV3-Luc). Performed using an IVIS spectrum imaging
system, NIRF imaging revealed that COC183B2-Cy7 is mainly taken up by xenografts and the liver.
The highest fluorescent signal in xenografts is detected 96 hours after IV injection with 30 pg of
COC183B2-Cy7. TBR, which increases with fluorescent MADb dose, peaks 24 hours after IV injection
(30 ng), keeping high up to 96 hours after injection. IVIS images show intense fluorescence until 264
hours post-injection in tumors and the liver, which represents the main metabolic organ. No toxic or
chronic effects have been observed in mice during the experiments.**° Considering that expression of
OC183B2 has been detected also in metastatic lymph nodes of epithelial ovarian cancer, COC183B2-
CyT7's ability to identify tiny metastatic lymph nodal lesions has been investigated in a subcutaneous
mouse model of metastatic ovarian cancer. Mice-bearing tumors (SKOV3-Luc) with 0.4 - 0.7 cm in
diameter were 1V injected with fluorescent mAb. NIR fluorescence imaging showed that the highest
TBR value was detected 168 hours after COC183B2-Cy7 (20 ug) IV injection. The probe (half-
life=86.24 hours) induces a strong, specific, and long-lasting (168-240 hours post-injection)
fluorescent signal in xenograft ovarian cancer models. A strong fluorescent signal in the liver has
been detected, performing in vivo NIR fluorescence imaging, which confirms the previous results that
identified the liver as the main metabolic organ. Nevertheless, liver fluorescence decreases from 168
hours post-injection, further reducing the background fluorescent interference. To further investigate
COC183B2-Cy7 sensitivity, metastatic ovarian cancer intraperitoneal models have been IV injected
with Cy7-labeled mAb (20 pg). Tumor-harbouring mice (SKOV3-Luc) with micro-metastases
disseminated throughout the animal abdominal cavity, were IV injected with COC183b2-Cy7 (20
ug). 7 days after injection, NIR fluorescence in vivo imaging showed that the fluorescent agent had
been able to detect tiny cancerous metastases, approximately 1 mm in diameter. These results have
been confirmed by ex vivo imaging performed on the excised multiple micro-lesions, which showed
not only strong fluorescent signals in the liver but also a discrete accumulation of fluorescent mAb in
the lungs. Unfortunately, fluorescent signals from the ovaries and uterus of nontumor-bearing mice
have been observed, probably correlated to COC183B2-Cy7 non-specific binding to mouse ovarian
and uterine tissues. With high sensitivity and low background fluorescence, COC183B2-Cy7 proves
to be a promising fluorescent imaging agent for real-time detection of average-size lesions as well as
micro lesions, such as lymph nodal occult metastases, often not identifiable through palpation or with
the naked eye.'*

C0OC183B2-800

In COC183B2-800, the NIR fluorescent dye IRDye800CW (Figure 12, kabs=774 nm; Aem=789 nm) is
conjugated to COC183B2 (dye-to-protein ratio=2.2:1), the mouse mAb against ovarian cancer-
associated antigen OC183B2, generated using hybridoma technology. IRDye800CW has been
extensively used on humans in clinical studies, and it has shown a safe administration profile. The
targeting ability of COC183B2-800 has been in vivo evaluated on a subcutaneous mouse model of
epithelial ovarian cancer (SKOV3-Luc). Subcutaneously implanted mice have been IV injected with
the fluorescent mAb. NIRF imaging, performed with IVIS technology, shows a strong tumor-specific
fluorescence, except for the significant fluorescent signals in the liver. High TBR values were
observed with the injection of 25 ug and 50 pug of COC183B2-800 from 24 up to 72 hours after
administration. TBR value increases according to the enhancement of fluorescent protein dose.
Mainly metabolized in the liver, no fluorescence was detected in the other excised organs by the ex
vivo NIRF imaging, except for a weak fluorescence in the kidneys. COC183B2-800 stands out as a
safe and ovarian cancer-specific imaging agent for FIGS.1#



3.8 Cancer Antigen 125 (CA125)

The transmembrane cell-surface protein CA125 (cancer antigen 125) is a member of the mucin family
of glycoproteins and is encoded by the MUC16 gene.!*>1* It is a part of the epithelia of the female
reproductive tract, the respiratory tract, and the ocular surface. Due to its high glycosylation, it
produces a hydrophilic environment on the apical membrane of epithelial cells that functions as a
lubricating barrier against external particles and pathogens.'*> Moreover, CA125 has in its structure
a cytoplasmic tail that interacts with the cytoskeleton binding members of the ERM
(ezrin/radixin/moesin) protein family.!*¢ Over the years, several studies have reported that CA125
plays multiple roles in tumorigenesis and tumor proliferation. It has been shown that CA125
participates in cell-to-cell interactions that enable metastasis formation.!*” Furthermore, due to its
cytoplasmic tail, it is involved in enabling tumor cells to grow, promoting cell motility, and facilitating
invasion. Promoting expression of N-cadherin and vimentin, CA125 participates in cancer epithelial-
mesenchymal transition.'*® Finally, it may also contribute to reducing the sensitivity of cancer cells
to drugs.'* Based on these findings, in the last two decades, CA125 has found application as a tumor
marker or biomarker in many cancer types, most notably in ovarian cancer.!* Numerous studies have
demonstrated elevated levels of CA125 in ovarian cancer tissues when compared to healthy,'*!1>? and
to date, the transmembrane cell-surface protein CA125 remains the most-used molecular ovarian
cancer marker.!*> Moreover, despite CA125 mainly representing a serum biomarker, since high
concentrations of MUC16/CA125 remain on the surface of ovarian cancer cells, it could represent a
reliable biomarker for targeted detection of ovarian cancer through imaging techniques.'>*

*B43.13-1R800

Fung et al. produced a fluorescent imaging agent for the in vivo detection of CA125-expressing
ovarian cancer. The probe mAb-based targeting moiety (B43.13) conjugated to a NIR-fluorophore
(IRDye® 800CW, Figure 12), with a degree of labeling of approximately 0.75 fluorophores/mAb.!>>
The heavy chain glycans have been site-specifically modified (*B43.13) using a chemoenzymatic
reaction. The mAb was previously used to develop the PET imaging agent [*°Zr]Zr-DFO-B43.13,
which showed in vivo high capability to delineate primary tumor tissue, but also the metastatic spread
of ovarian cancer through the ipsilateral chain of lymph nodes.!** B43.13 is a CA125-targeting murine
antibody (K4 for CA125=1.2 nM), currently investigated in clinical trials, as oregovomab (OvaRex"®),
in combination with several therapeutic agents, for targeted chemotherapy and immunotherapy of
epithelial ovarian cancer.'>%'% Since flow cytometry and fluorescence microscopes exhibit superior
compatibility with visible-emitting fluorophores, the in vitro experiments were performed using
B43.13-AF488 (Aabs1=280 nm, Aabs2=494 nm; Aem 516 nm), where the mAbD is labelled with the green
fluorescent dye Alexa Fluor™ 488 (AF488). ®B43.13-AF488 has shown high specificity binding to
Cal25-positive OVCAR3 cells but not CA125-negative SKOV3 cells at an incubation concentration
of 1-16 pg/mL. Near-infrared fluorescence imaging evaluation was performed with *B43.13-IR800
(Aabs1=280 nm, Aaps2=774 nm; Aem=820 nm) as a contrast agent on subcutaneous xenografts (OVCAR3
cells) mice models of ovarian cancer. After 120 hours from IV injection of *B43.13-IR800 (100 pg;
0.66 nmol), a high accumulation of the fluorescent probe in the tumor was detected. In some mice,
fluorescent signals were also observed in the lymph nodes adjacent to the tumor. Based on data from
the preclinical evaluation of the hybrid immune-PET agent [*Zr]Zr-DFO-B43.13, fluorescence
detected in lymph nodes may be due to the uptake of the immunoconjugate by metastatic lesions,
diffused through the ipsilateral lymph node chain.!* Mostly weak fluorescence was observed in



healthy organs, except for the liver, where likely accumulate immune complexes of shed serum
CA125 with the contrast agent, and takes place the clearance of the exogen murine labelled-mAb by
hepatocytes or resident macrophages (Kupffer cells). To simulate the application of *B43-IR800 as a
fluorescent agent for intraoperative imaging, athymic nude mice bearing orthotopic OVCAR3
xenografts implanted in the left ovary underwent NIR fluorescence imaging and post-mortem
excision. *B43-IR800 (100 pg; 0.66 nmol) has detected the primary tumor in the left ovary, and in
addition, it highlighted the presence of a peritoneal implant and lesions in renal lymph nodes, that at
the later histopathological ex vivo analyses revealed to be malignant. The feasibility of *B43.13-
IR800 was also evaluated in subcutaneous, orthotopic, and patient-derived xenograft (PDX) Nod-
Scid-Gamma (NSG) mice models of high-grade serous ovarian cancer. Since in athymic nude mice,
OVCAR3 xenografts exhibit a low take rate, slow growth, and inconsistent size, NSG mice have been
used for subsequent in vivo evaluation. Moreover, beyond showing an approximately 100% take rate
of OVCAR3 xenografts in the absence of functional NK cells, the highly immunocompromised NSG
mice are the preferred strain for the propagation of frozen parent PDX tumors. In NSG mice bearing
orthotopic OVCAR3 tumors and subcutaneous, CA125-positive PDXs, after IV injection with
*B43.13-IR800 (50 pg; 0.33 nmol), high NIR fluorescent signals have been detected in the tumors.
In contrast, weaker fluorescence was emitted by most healthy organs, in comparison with the previous
athymic mice model. A moderate liver fluorescence was observed, which was however lower than
that observed in athymic mice, likely due to the higher dosage administered in these latter. These data
suggest that it is necessary to determine an optimal dosage to facilitate the target-mediated clearance
of the NIRF probe maintaining high contrast signals essential to achieve efficient surgical
cytoreduction. Finally, similarly to the free antibody (B43.13) and another commercially available
anti-CA 125 antibody, *B43.13-IR800 has demonstrated in vitro a strong capability to specifically
stain CA125-positive tissue sections, obtained from tumors and metastatic lymph nodes harvested
during the surgical debulking of patients with high-grade serous ovarian cancer. These findings
confirmed the conjugation with the NIR dye does not compromise the binding affinity of mAb with
the target. In conclusion, despite more investigation needed, the fluorescent probe *B43.13-IR800
possesses a concrete potential as a contrast agent for fluorescence-guided surgery of ovarian cancer.'>

3.9 Prolactin receptor (PRLR)

The prolactin receptor (PRLR) is a membrane receptor that belongs to the hematopoietic cytokine
receptor superfamily. It is structurally constituted by three domains: an extracellular domain (ED),
that contains two binding domains (D1 and D), a well-conserved transmembrane domain (TD), and
an intracellular domain (ID). Up to now, several isoforms of PRLR have been identified, and they are
encoded by the same gene (PRLR) which undergoes alternative splicing. Isoforms mainly differ in
size and sequence of the ID which can be long, intermediate, or short. The main human isoform is
the "long™ PRLP consisting of 598 amino acids. It can interact with prolactin (PRL), and two
additional ligands: placental lactogen, and growth hormone. PRL is a polypeptide hormone
structurally constituted by a sequence of 199 amino acids, and it is primarily synthesized and secreted
by anterior hypophysis lactotroph cells. Nevertheless, its production is not restricted to the pituitary
gland, indeed recently several studies reported a peripheral and extra-pituitary production of prolactin
which has disclosed a wide range of other functions of the hormone. In addition to promoting the
proliferation and differentiation of the mammary cells for lactation, PRL also exhibits a wide range
of other functions, including the regulation of the hair cycle, the maintenance of bone homeostasis,
and the adrenal response to stress. The PRLR dimerizes through TDs and, upon binding with ligand,
transmits the signal through several associated cytoplasmic proteins, triggering downstream signaling



pathways that result in different cell responses that explain the pleiotropic effects of PRL.1%
Nowadays numerous investigations have revealed that PRL plays a significant role in oncogenic
processes, including survival, cellular proliferation, migration, invasion, metastasis, and treatment
resistance. Consequently, due to the high level of female production, PRL and its receptor are
particularly overexpressed in gynecological cancers such as ovarian cancer.’® In addition to the
pituitary PRL having endocrine action, tumoral tissues can also synthesize and secrete PRL with
paracrine/autocrine functions.'®® Furthermore, several studies have reported that tumoral PRL is an
important survival factor, inhibiting apoptosis and having a significant impact on the growth of
ovarian cancer cells.!*1%" Regardless of stage, grade, and histology, PRLR is expressed in more than
80% of ovarian cancers, and the serum level of PRL is considerably elevated in women affected by
ovarian cancers.'®® According to microarrays analysis of tissues collected from 152 patients affected
with ovarian cancer from early to the advanced stage, and from 10 healthy subjects, the PRLR
expression is moderate to high in more than 98% of malignant samples. On the contrary, a lower
level of PRLR expression has been detected in normal tissues. In comparison to primary tumors,
samples belonging to peritoneal metastases have shown no significant differences in PRLR level of
expression. These findings suggest that PRLR has a noteworthy potential as an ovarian cancer
biomarker for the targeted detection of disease through imaging systems.¢°

NIR fluorescent hPL*-conjugates

Sundaram et al. have designed and evaluated in vitro and in vivo ovarian cancer-targeted fluorescent
probes that take advantage of the high affinity for PRLR of human placental lactogen (hPL), a specific
ligand of prolactin receptor, which is overexpressed in most ovarian tumors. By rDNA technology, a
point mutation has been inserted in the native hPL gene, and a recombinant human placental
lactogen* (hPL*) has been expressed in an E. coli cell line. Differently from native hPL, hPL*
contains a residue of cysteine rather than isoleucine in position 138 in its sequence. Differently from
isoleucine, cysteine through its thiol group conjugates with fluorescent dyes Cyanine 5 maleimide
(Aabs=498 nm; Aem=517 nm), and Cyanine 5.5 maleimide (Aas=683 nm; Aem=703 nm), allowing the
obtain respectively hPL*-Cy5 and hPL*-Cy5.5 (Figure 24), which maintains a certain affinity for
PRLR. Indeed, the mutation has been inserted in a strategic position that does not compromise
interaction with the target.'®® Indeed, according to the crystal structure of the rat PRLR extracellular
domain complexed with ovine placental lactogen, residue 138 of hPL is in a flexible loop region of
the polypeptide that remains outside the binding interface during the interaction with the target.t”

Figure 24.

As evidence of this, the hPL*-conjugates have demonstrated the ability to activate in vitro the
downstream signaling pathways of both long-PRLR and short-PRLR isoform, confirming that the
site-specific modification of flexible loop of hPL did not compromise the probe affinity for the target.
Since triggering signaling pathways by the hPL*-conjugates may result in dangerous side effects, the
in vivo use of the fluorescent probes must be restricted to an average of 6 hours, a time term suitable
for diagnostic purposes. Indeed, following 15 days of exposure to hPL*-conjugated, an increase in
probe tumorigenic activity has been observed.'®® Similar to the native ligand,!”* hPL*-Cy5 binding
the receptor can induce a zinc-dependent internalization of the complex of hPL*-conjugate and PRLR
via clathrin-mediated endocytosis, thus enabling a targeted accumulation of the imaging agent in the
PRLR-overexpressing cancer cells. At first, the hPL*-Cy5 capability to discriminate malignant
against normal ovarian tissues has been in vitro evaluated. After overnight incubation of the ovarian-
derived tissues with 500 nM hPL*-Cys5 in the presence of 20 uM ZnCl,, the fundamental cofactor for



interaction between hPL* and PRLR, only malignant tissues showed fluorescence. Subsequently, the
NIR fluorescent probe hPL*-Cy5.5 has been evaluated in vivo in animal xenograft models of PRLR-
expressing and PRLR-non-expressing ovarian cancer. Since ovarian cancer is highly heterogeneous,
subcutaneous animal models of two different histological subtypes of ovarian cancer (Heya8 and
CaOV3) have been employed to in vivo assess the targeted detection capability of the hPL*-conjugate.
24 hours after injection with hPL*-Cy5.5 (0.21 pM/kg), the NIR probe showed a specific
accumulation in the tumor lesions of both subcutaneous murine models of ovarian cancer which
overexpresses the prolactin receptor. The NIR probe undergoes a time-dependent internalization by
tumor tissues, and the tumor fluorescence reaches the peak in intensity after 72 hours from the
injection, vanishing only 192 hours following injection. In the ex vivo imaging of excised tissues and
organs, fluorescence has been observed in tumor tissues as well as organs such as the liver and
kidneys, where likely the probe is metabolized. In contrast, no fluorescence signals have been
detected in surrounding muscles, suggesting efficient discrimination between healthy and malignant
tissues. Indeed, the probe demonstrated high efficacy in discrimination in vivo of PRLR-positive
lesions from PRLR-negative ones in subcutaneous models, distinguishing within the same PRLR-
positive lesion different levels of PRLR expression. Moreover, the NIR probe showed high
sensitivity, proving to be able to detect in vivo small metastatic lesions (10 mg) spread in the
peritoneal region of an intraperitoneal murine model of ovarian cancer (Heya8). Despite these
advantages, since hPL*-conjugates can activate PRLR signaling, its actual clinical use generates
concerns regarding the tumorigenic potential risk which arises mainly from prolonged exposure to
hPL*-conjugates. Therefore, further preclinical validations must be performed before proceeding to
clinical experimentation of hPL*-conjugates as a fluorescent imaging agent for real-time
intraoperative ovarian cancer detection.*6°

3.10 Human follicle-stimulating hormone receptor (FSHR)

FSHR is a G protein-coupled receptor (GPCR) of 75 kDa mainly expressed in gonads (testis and
ovary), it is scarcely present in normal tissues. Currently, there are 4 known human isoforms of FSHR:
FSHR-1 (G protein-coupled form), FSHR-2 (dominant negative form), FSHR-3 (growth factor type-
1), and FSHR-4 (soluble FSHR). Structurally, the FSHR consists of 7 transmembrane domains
connected with 6 loops, an intracellular C-terminal tail, and a large N-terminal extracellular for
interaction with a specific hormone, the follicle-stimulating hormone (FSH). Secreted by the anterior
pituitary gland, FSH, also known as Follitropin, is a dimeric glycoprotein consisting of alpha and beta
subunits. Made up of 96 amino acids, the alpha unit (FSHa) is identical to other glycoprotein
hormones such as luteinizing hormone (LH), thyroid-stimulating hormone (TSH), and human

chorionic gonadotropin (hCG), while the beta subunit (FSHp) is hormone-specific, and in FSH
consists in 111 amino acids. FSH is involved in growth and pubertal maturation during development.
Instead in adults, usually stimulates Sertoli cells' function in males, and induces the growth and
maturation of ovarian follicles, and estrogenic production through the activation of FSHR in
granulosa cells in females. FSH also plays an important role in the carcinogenesis of ovarian cancer,
being highly present in the malignancy. Therefore, the overexpression of FSHR may contribute to
uncontrolled cell proliferation, invasion, and migration, and consequently in tumor progression.!’*173
Indeed, FSH stimulates ovarian epithelial stem cells that are involved in the creation of new oocytes
and the assembly of primordial follicles, thus FSHR-overexpression inducing abnormal activation of
this process leads to ovarian cancer cell proliferation.!> Zhang et al. have reported that FSH also
increases ovarian cancer proliferation by stimulating the signaling pathway of octamer-binding



transcription factor 4 (OCT4) cancer stem cells.'” Several studies shed light on the connection
between the phosphatidylinositol-3-kinase/protein kinase B (PI3K/Akt) pathway and ovarian cancer
cell proliferation and invasion. Through inducing the transient receptor potential channel C3
(TRPC3), FSH triggers the PI3K/Akt cascade that modulates different molecules involved in
epithelial-to-mesenchymal transition (EMT), proliferation, differentiation, and migration.!”>!78
Moreover, inducing ROS production, FSH leads to the upregulation of Nrf2 and hypoxia-inducible
factor 1o (HIF1a) and promotes the binding of HIFla to the vascular endothelial growth factor
(VEGF) notoriously associated with cancer angiogenesis.!” In conclusion, due to its specific
correlation with the malignancy microenvironment and the relative lack of its expression in normal
tissues, FSHR has significant potential as a biomarker in the detection of ovarian cancer.'®°

DCNPs-L12-FSH;

The NIR-II lanthanide-based FHSR-targeted in vivo self-assembly nanoparticles (NPs) have been
designed to improve intraoperative ovarian cancer-specific fluorescence imaging. NIR-II-emitting
inorganic NPs have been functionalized through a ligand exchange strategy with a fragment of DNA
(L1/L2) and the targeting moiety FSHp, via EDC/NHS reaction. Wang et al. developed lanthanide-
based downconversion nanoparticles (DCNPs) which exhibit attractive optical properties, and a
penetration depth (8 mm) almost three times higher than indocyanine green (ICG) and superior signal-
to-background ratio.'®® Indeed, DCNPs made up of rare-hearth (RE) NIR-II emitting elements, are
species excited by photons with a short wavelength emitting a longer wavelength photon. Compared
to organic fluorophores, DCNPs have a larger stroke shift and a narrower emission band.?*!3! The

nanoplatforms of DCNPs-L1,-FSHp have been produced by the successive layer-by-layer (SILAR)
method presenting a core@shell structure. The hexagonal host matrix consisting of alkaline
lanthanide tetrafluoride (NaGdF4) has been doped at 5% with trivalent Nd*" ions. The 5 nm size
luminescent DCNPs core (NaGdF4:5% Nd*") has been coated with a 2.5 nm of inert NaGdF4 shell
(NaGdF4: 5% Nd@NaGdF4 DCNPs). Thus, once functionalized with the DNA fragment (L or L»)

and the FSHp, nanoprobes reach a size ranging within ~8—17 nm and exhibit as well as the not labeled
DCNPs a large Stoke shift of 252 nm (Aaps=808 nm; Aem~1060 nm). Due to labeling with specific and
complementary DNA sequences (L; and L»), the two modified DCNPs act as building blocks and can
assemble in vivo in organized superstructures sized between ~100-500 nm that have shown in vitro
high photostability and low cytotoxicity. The self-assembly nanoprobes have been evaluated in vivo
in a subcutaneous murine model of human ovarian adenocarcinoma (CaOV3). Using a two-staged in-
sequence injection strategy, enhanced nanoprobe tumor retention attended by rapid and efficient body
clearance has been obtained, which led to the highest tumor-to-background ratio (TBR) values. At

first, mice are IV administered with 7.5 mg/kg of the DCNPs-L;-FSHp, and following 8 hours the

same dosage of the second complementary nanoprobe (DCNPs-L>-FSHp) is injected. With an 8 hours
interval time between the first and second administration, the in-blood assembly of the two
complementary nanoprobes is prevented, resulting in a hematic half-life of 2 hours after the second
injection. Significantly increased 20 hours after the first injection, the TBR value (~12.5) stays stably
high up to 28 hours later, providing an optimal surgical time window of 6 hours. The fluorescent
imaging agent has afforded accurate tumor margin identification in mice subcutaneous models of
metastatic ovarian adenocarcinoma (CaVQO3), as confirmed by magnetic resonance imaging (MRI).
The accurate discrimination between malignant and normal tissue types allows for avoiding
incomplete resections which may lead to relapse or unnecessary healthy tissue removal. Under the

guidance of fluorescent signals of DCNPs-L1,-FSHg, tumor lesions sized up to <1 mm have been
detected with high sensitivity, and successfully removed. According to post-operative
immunohistochemical analyses, all resected fluorescent lesions proved to be malignant. Finally, the



NIR-IT emitting imaging nano-agent that employs an in vivo self-assembly strategy has demonstrated
great potential as a tracer for intraoperative ovarian cancer-specific NIR-II fluorescence imaging,
providing solid bases for the design of nanomaterials for medical applications. '8

DSNPs@FSHP

Wang et al. have fabricated NIR-II fluorescent lanthanide-based down-shifting nanoparticles
(DSNPs) for FHSR-targeted fluorescence imaging-guided surgery of ovarian cancer.!®? Employing
the successive layer-by-lay method (SILAR), an oleic acid-capped host matrix consisting of alkaline
lanthanide tetrafluoride (NaGdF4) has been doped at 5% with trivalent Nd** ion, obtaining ultrasmall
core of ~5.0 (NaGdF4:5% Nd*"), which in turn has been coated with an inert NaGdF4 shell (NaGdF:
5% Nd@NaGdFs DCNPs), reaching a size of approximately 8 nm. For bio-application, the
hydrophobic oleic-acid-anchored DSNPs have been transferred to a hydrophilic state by adding
amino phospholipids through the Van der Waals interaction of phosphate groups and lanthanide
ions.'® Lastly, the targeting peptide (a follicle-stimulating hormone peptide, FSHP) has been
conjugated onto the surface of DSNPs (3 molecules of FSHP per particle), which reaches an average
size of 12.6 nm and emits, with a higher quantum yield, at 1060 nm under 808 nm laser irradiation.
After confirming the non-toxicity in vitro of DSNPs@FSHP (kit-8 assay), the FSHR-targeting ability
has been evaluated in vitro on high FSHR-expressing ovarian cancer cell lines (CaOV3 cells).
Differently from un-functionalized nanoprobes, DSNPs@FSHP have been able to efficiently enter
inside the cells via endocytosis, and the nanoprobe internalization was consistent with the level of
FSHR-expression of cells. DSNPs@FSHP have in vivo proved to specifically detect the subcutaneous
tumor implants of murine models of ovarian cancer, showing the maximum accumulation after 12 h
from IV injection (5 mg/kg). The nanoprobes undergo rapid hepatic and renal clearance, with a blood
half-life of approximately 2.5 hours. According to ex vivo TEM analyses, the tumor lesions excised
at 12 h post-injection revealed a nanoprobes heterogeneous distribution inside the malignant tissues,
which, in addition, have shown a high targeting capability, in comparison with the unfunctionalized
nanoprobes, used as a control. According to pathological analysis, the targeted nanoprobes have
succeeded in clearly delineating the boundary between healthy and malignant tissues, and, once again,
their accumulation showed consistency with FSHR level in tumor lesions. Moreover, DSNPs@FSHP
have allowed a complete resection of tumor lesions in intraperitoneal murine models of metastatic
ovarian cancer, detecting with a high TBR (~ 8.0) different-sized metastases diffused in the abdomen,
that were invisible under the white light but appeared delineated by the NIR-II-fluorescence-emitting
nanoprobes, under 808 nm laser irradiation. The significant outcomes obtained by DSNPs@FSHP
proved the high potential of the nanoprobes in allowing the highly sensitive detection of both primary
lesions and microscopic residual tumors and the subsequent complete surgical resection, which may
help to reduce recurrence rates in ovarian cancer.'?

3.11 Gonadotropin-releasing hormone receptor (GnRHR)

Gonadotropin-releasing hormone receptor (GnRHR) belongs to the G-protein-coupled receptors
family, and it is primarily located in the anterior pituitary. Binding with GnRH triggers a conformation
change, that activates intracellular pathways leading to the modulation of genes within a target cell,
through phosphorylation events.'® GnRH primarily acts on the pituitary gland, as the primary
mediator of the hypothalamic-pituitary-gonadal axis, inducing the secretion of luteinizing hormone
(LH) and follicle-stimulating hormone (FSH). In the past two decades, several studies have reported



high and extra-pituitary expression of GnRHR in reproductive system tumors, including ovarian
cancer.'® Liu et al. have recently evaluated the potential of GnRHR as a reliable target for the imaging
detection of human ovarian cancer. Based on an analysis of the cancer genome atlas (TCGA) datasets,
the GnRHR mRNA expression has been found in 89.5% of 373 samples of serous ovarian cancer.
According to an analysis of the genotype-tissue expression (GTEx) database, GnRHR expression
among healthy tissues, the higher expression of GnRHR mRNA is primarily observed in ovaries, in
comparison with other tissues in the abdominal and pelvic cavities. Furthermore, an
immunohistochemical (IHC) analysis of 56 high-grade serous ovarian cancer tissue samples revealed
that expression of GnRHR in 95% of samples was moderate in 10 cases (18%), and high in 43 cases
(77%). Thus, these results suggest GnRHR may represent a good candidate as a target for targeted
ovarian cancer imaging.'%

GnRHa-I1CG

Liu et al. have developed a fluorescent agent for in vivo GnRHR-targeted detection of ovarian cancer,
constituted of a widely used GnRHR antagonist, GnRHa,'®” which presents in its structure several
amino acid residues modified in comparison to the natural hypothalamic hormone (D-2-Nal-D-4-ClI-
Phe-D-3-Pal-Ser-Tyr-D-Cit-Leu-Arg-Pro-D-Ala-NH>). The peptide antagonist has been conjugated
to indocyanine green (ICG), the first NIR fluorophore that received FDA approval for clinical
application for angiography and lymphography. The conjugate obtained, GnRHa-ICG (Figure 25),
exhibits an excitation wavelength of 795 nm and emitted light at 810 nm.

Figure 25.

GnRHa-ICG has shown in vitro high and specific capability to detect the target. Ovarian cancer cell
lines characterized by different levels of GnRHR expression have been incubated with GnRHa-ICG
at a concentration of 20 pmol/L, and a strong difference in fluorescence intensity has been observed.
Detected by fluorescence microscopy, fluorescent signals were respectively 1.56- and 1.34-fold
higher in GnRHR-positive cell lines (A2780 and OSE cells) than in GnRHR-negative cells (H1299
cells). Moreover, incubation with the simultaneous presence of unlabeled GnRHa and the contrast
agent has induced a partial decrease in fluorescence intensity, confirming a specific interaction occurs
between GnRHa-ICG and the target. Showing no cytotoxicity in vitro on GnRHR-positive A2780
cells, GnRHa-ICG has been evaluated in vivo, on intraperitoneal mice model of metastatic ovarian
cancer (A2780 cells). After 2 hours from IP injection, GnRHa-ICG (1.5 mg/kg) specifically
accumulates in peritoneal tumors. Ex vivo analyses of tumors and organs, excised at different time
points after injection, revealed that GnRHa-1CG reached the maximum in contrast between 2 and 24
hours post-injection. In particular, the highest TBR value (approximately 8) has been obtained 24
hours post-administration, considering a healthy muscle as a background. Instead, considering the
intestine as a background, the highest TBR (more than 4) has been registered after 2 hours. GnRHa-
ICG allowed the detection of tiny tumor nodules (approximately 1mm) implanted on the mesentery,
despite this latter exhibiting a weak fluorescence. TBR values remained stable from 2 to 24 hours
post-injection, providing a time window feasible for clinical applications in cytoreductive surgery.
Pathology confirmed the GnRHR overexpression of the tissues tracked by the contrast agent, which
showed high efficiency and specificity in ovarian cancer detection. Blood panel hematology values,
and histopathological analyses of excised organs, confirmed that GnRHR-ICG did not present in vivo
significant side effects. Despite this, tumorigenic or endocrine potential effects of GnRHa-ICG must
be investigated. Furthermore, the investigation must be conducted because the metabolic pathways



of GnRHa-ICG are unclear, and its specificity and sensitivity should be more accurately determined.
186

3.12 Lectin Receptors

Lectins are proteins that specifically bind to carbohydrate groups on glycolipids and glycoproteins,
such as avidin and galactosylated protein.!®¥!°! B-D-galactose receptors are expressed on the cell
surface of a wide variety of cancers, including ovarian cancer, which can spread in peritoneal space.
192 As a result, the B-D-galactose receptor has been considered a suitable target for the design of
imaging and therapeutic specifically targeted probes.

hGSA-NMP1

Vinita et al. have developed an in vivo activatable NIR-fluorescent probe for targeted ovarian cancer
intraoperative detection. The probe consists of a molecule of galactosyl human serum albumin
(hGSA) conjugated with the synthetic dye NMP1 (in a ratio of hGSA: NMP1 of 1:1.8+0.3.).13
Structurally constituted by a bacteriochlorin-core (tetrahydroporphyrin) functionalized with two
phenylethynyl substituents (Figure 26), NMP1 exhibits two absorption peaks in the green region
(A1=550 nm), and in the NIR region (A,=750 nm), and a single emission peak at A=780 nm. The dual-
band absorption profile of NMP1 allows the detection of both on-surface tumor nodules, via green
excitation, and the deeper (below the surface) lesions by NIR excitation.!*+1%

Figure 26.

The targeting moiety of the probe constituted by hGSA has been obtained through a direct amidation
reaction with human serum albumin and B-galactosamine. hGSA avidly binds to the receptor of B-D
galactose (a lectin), highly expressed on the surface of ovarian cancer cells, permitting the
internalization of the probe.!”®!®” Once inside the tumor cell, hGSA-NMP1-probe undergoes
dissociation in the two components by lysosomal proteases, and the probe fluorescence is turned
on.!?%19 hGSA-NMP1 shows in vitro high quenching capabilities (>50) measured by adding 1%
sodium dodecyl sulfate (SDS), an anionic detergent used for protein denaturation. Ovarian cancer
cells (SHIN3 cells), incubated with 1 pg/mL of hGSA-NMP, have shown clustering of signal in the
cytoplasm only after 3 hours, suggesting probe lysosomal accumulation. Moreover, the incubation
with an excess of free-hGSA clearly showed to block binding between hGSA-NMP1 and the target,
confirming that a specific interaction occurs. The hGSA-NMP1 feasibility in vivo was assessed in
xenograft (intraperitoneal) murine models of ovarian cancer (SHIN3 cells), IP injected with 25 ug of
the probe, and monitored by in situ spectral fluorescence imaging. Through fluorescence imaging, in
small bowel mesentery, the first peritoneal metastases were already detectable following 1.5 hours of
the injection. 3 hours post-injection, the fluorescence emitted by hGSA-NMP1 in tumors showed a
great increase in intensity. Indeed, the mean TBR values of hGSA-NMP1, measured considering the
tumor-adjacent intestine or mesenteric membrane as background, obtained using both green and NIR
excitation lights went from 3.17 £ 2.02 and 2.95 + 1.46 following 1.5 hours from the injection, to
22.21+10.24 and 13.32 £+ 8.27, 3 hours after the injection. Similar to TBR, two different values have
been determined for the sensitivity and specificity of hGSA-NMP1, using excitation lights at the two
absorption wavelengths of the probe, green (A1=550 nm) and NIR (A2=750 nm). While NIR images
have shown hGSA-NMP1 to detect peritoneal lesions >0.8 mm with a sensitivity of 74.5% and a
specificity of 92%, green images demonstrated that under green-light excitation, hGSA-NMP1



exhibits a sensitivity and specificity of 91% and 92%, respectively, in detecting > 0.8 mm diffused
metastases. Moreover, in addition to the high sensitivity and specificity exhibited, the dosage of
hGSA-NMP1 required for fluorescence imaging-guided detection of ovarian cancer has been greatly
low, considering that 25 pg of the probe contains less than 1pug of NMP1, for which the adult estimated
dose is approximately 3 mg. Potentially, this results in lower toxicity of the agent. In conclusion, the
evaluation in animal models suggests that hGSA-NMP1 could be a useful tool in the detection of
peritoneal ovarian cancer lesions. Indeed, with low toxicity risk, hGSA-NMP1 has been shown to
enable sensitive and specific detection of tumor metastases located both at the surface and at a depth
in the abdominal cavity.'

4. Extracellular targets

4.1 Cluster of Differentiation 24 (CD24)

CD24 (cluster of differentiation 24) is a small, glycosylated molecule belonging to the CD protein
family. CDs are surface antigens physiologically expressed in different types of cells, including
premature lymphocytes (pre-B-cells), granulocytes (neutrophils), some epithelial (e.g.,
keratinocytes), neural, and pancreatic cells. Although CDs are mainly known as signaling molecules
for intercellular communication, most CD proteins have other cellular functions (e.g., cell adhesion).
CD24 is anchored to the cell surface by glycosylphosphatidylinositol (GPI). The overexpression of a
membranous and cytoplasmatic isoform of CD24 has been observed in many cancer types, especially
in solid tumors (68%), such as ovarian cancer, breast cancer, lung carcinoma, nasopharyngeal
carcinoma, hepatocellular carcinoma, bladder carcinoma, and glioma. The presence of CD24 in
cancer cells is associated with proliferation, growth, invasion, metastasis formation, and apoptosis
inhibition. To date, the exact molecular mechanisms of CD24 in cancer cells have not been completely
elucidated yet. However, its low physiologic expression in healthy tissues together with its
overexpression in cancer cells makes CD24 a specific tumor biomarker with a wide clinical
applicability. Several studies have identified CD24 as an ovarian cancer-specific biomarker. While
the cytoplasmatic (59%) and membranous (84%) CD24 expression were observed in ovarian cancer
by using immunohistochemistry (IHC), no expression was found in healthy ovarian tissue.
Furthermore, a strong and independent correlation of a poor prognosis with cytoplasmatic
overexpression of CD24 in ovarian cancer has been demonstrated. Indeed, the heterogeneous
expression of CD24 has been observed in orthotopic and patient-derivate xenograft models of high-
grade serous ovarian cancer (HGSOC), validating CD24 as an ovarian cancer biomarker, then used
for both targeted therapy and nuclear imaging radiotracers development,>°0-2%2

CD24-AF680

In CD24-AF680, a near-infrared dye AlexaFluor 680 (Figure 27) has been conjugated to a mouse-
derived monoclonal antibody against human CD24. The spectroscopic characteristics (Aabs=678 nm;
Lem=706 nm) of the resulting contrast agent follow the detector range of most optical imaging systems.
With no toxic effects on cellular proliferation and viability, this NIR probe has been pre-clinically
evaluated in orthotopic and subcutaneous xenograft models of ovarian cancer. After 24 h from the
injection (2 pg/g body weight) in the orthotopic xenograft models, the monoclonal antibody labelled
with AF680 showed the highest fluorescence signal intensity, also with optimal TBR. CD24-AF680
was found to be an early-stage primary tumor-specific in xenograft mice; the probe can also identify
disseminated metastasis in the high-grade serous ovarian cancer xenograft models. The specificity of



CD24-AF680 was evaluated with ex vivo imaging of tumor tissue. The CD24 grade of expression in
the samples was confirmed with immunohistochemical (IHC) staining of the tumor implants. CD24-
AF680 is an excellent candidate for a non-invasive fluorescence imaging contrast agent. Furthermore,
CD24-AF680 has allowed the longitudinal in vivo visualization of the tumor progression and the
pharmacological-treatment efficacy through the fluorescence imaging (FLI) approach in orthotopic
humanized high-grade serous ovarian cancer mice, and patient-derived xenografts (PDX) models,
even with low CD24 expression. Moreover, 24 hours after injection, CD24-AF680 allowed a real-
time intraoperative detection of both primary tumor and metastatic lesions in both orthotopic and
PXD xenograft models. Unfortunately, an autofluorescence signal at 700 nm wavelength range from

gastrointestinal organs was detected, which could affect the procedure of intraoperative imaging.?®
Figure 27.

CD24-AF750

In CD24-AF750, the mouse-derivate monoclonal antibody (mAb) against human CD24 has been
conjugated to the NIR dye Alexa Fluor 750 (Figure 28).

Figure 28.

Indeed, the emission spectra of AF680, the dye previously employed, overlap autofluorescence
signals emitted from the gastrointestinal tract cells. The fluorescence properties (Aaps=753 = 3 nm,
Aem=778 = 2 nm) of the resulting labelled mAb allow its use in fluorescence-guided surgery. The
fluorescent probe has no toxic effect on cellular proliferation even at increasing concentrations.
CD24-AF750 has validated the CD24 heterogenous expression in epithelial ovarian cancer cell lines
and patient-derived tumors. Furthermore, the probe revealed a significantly more elevated mean
fluorescence intensity (MFI) than CD24-IRDye 800CW, the monoclonal antibody labelled with
IRDye 800CW maleimide (Aabs=774 nm, Aem=789 nm in PBS, Figure 12). In ovarian cancer,
orthotopic xenograft models, CD24-AF750 (3 ng/g of mouse body weight) was identified 48 hours
after injection lesions with the highest MFI and TBR. However, this probe has a long circulation time
and can detect the tumor up to 120 hours after administration. Finally, CD24-AF750 has been pre-
clinically evaluated as a fluorescence imaging-guided surgery tracer in orthotopic high-grade serous
ovarian cancer (HGSOC) models, showing more significant results than white light surgery. CD24-
AF750 allowed both the identification and resection of a higher number of tumor lesions than white
light surgery, which improve the cytoreduction phase. Furthermore, also in PXD models the probe
has identified the primary tumor and small and disseminated metastatic lesions, 48 hours after the
injection of 3ug/g of CD24-AF750, validating its potential clinical application in fluorescence
imaging-guided surgery (Image 4).2%

Image 4.

4.2 Matrix Metalloproteinase-3 (MMP-3)

Matrix metalloproteinases (MMPs) are a family of zinc-dependent extracellular endopeptidases,®®>
involved in a variety of physiological processes such as tissue remodeling, organ development,?°® and
the modulation of inflammatory syndrome.?’’ In cancer, extracellular proteolytic process alteration is
usually associated with an increase in the metastatic dissociation of tumor cells from the primary foci,
consequently leading to local tissue invasion, angiogenesis, and blood or lymphatic system
invasion.?%2% It is known that among extracellular proteinases, MMPs represent the family primarily
associated with tumorigenesis, mediating the majority of the changes occurring in the



microenvironment during tumor progression, especially the destruction of extracellular matrix (ECM)
and nonmatrix components.?'® In particular, MMP-3, -7, and -9 were found to be closely related to
the promotion of metastasis.?!!2!* Also known as stromelysin-1, MMP-3 is overexpressed in several
tumor types, and despite being conducted numerous investigations on MMPs involvement in ovarian
cancer, few are specifically focused on the MMP-3 role. Results reported by Sun ef al. show a
correlation between overexpression of MMP-3 and enhanced ovarian cancer invasiveness and
metastasis.138 Indeed, as in other cancers, the ovarian cancer stroma expresses a multitude of
molecules and macromolecules crucial for tumor progression, including MMP-3, such that, not
infrequently, the mere presence of certain stromal components was reported to be related to poor
survival in the advanced stage of the disease.?!>2!® Wang et al. demonstrated that, while SKOV3 cells
express minimal levels of MMP-3 when cultured alone, the MMP-3 expression of SKOV-3 cells
shows a significant increase in the cocultures with fibroblast cell lines (WS1 cells), established to
mimic the interaction of ovarian cancer cell with stromal cells.?!” However, further studies are
required to confirm the activity of MMP-3 in ovarian cancer and its diagnostic and prognostic
significance.

MMP-3-sensitive probe

Wang et al. have designed and characterized a fluorescent MMP-3-sensitive probe, connecting the
NIR fluorophore Cy5.5 to the amino terminus of an MMP-3-specific peptide substrate (Figure 29).

Figure 29.

MMP-3-sensitive probe specifically detects the active MMP-3 enzyme, not only in cell cultures (co-
cultivations of SKOV-3 and WSI1 cell lines) but also in vivo in subcutaneous tumor-bearing mice
models (SKOV-3 cells). Optical imaging has been performed at 610 — 650 nm excitation and 670 —
700 nm emission. 1V injected (200 uL of 2nM) in mice, the fluorescence imaging has been performed
on euthanized animals 2 hours post-injection, at days 3, 5, 7, and 11 after tumor implantation. The
highest fluorescence intensity in tumor has been observed on day 5, decreasing in the following days,
while on day 3 fluorescence detected was 4-fold lower than on day 5. This trend suggests that MMP-
3 may have a ‘“hit-and-run” role during early-stage tumor growth. Compared to control tissues
(normal subcutaneous tissue adjacent to the tumor), NIR fluorescence observed in the tumors was
significantly higher. Moreover, it is noteworthy the fact that the MMP-3-sensitive probe detects the
target presence at the boundary of the tumor mass and the surrounding connective tissue, data
confirmed by immunostaining (MMP-3 antibody) of tumors excised.?!” This finding is consistent
with another study reporting that fibroblasts, endothelial cells, and immunocytes express MMP-3
exclusively in the tumor stroma.’!® Nevertheless, additional studies are necessary to validate the
specificity of the probe in animal models which better reflect the complexities of ovarian cancer
(intraperitoneal models) and to elucidate the role played by MMP-3 in early-stage ovarian cancer.?!’

4.3 Secreted Protein Acidic and Rich in Cysteine (SPARC)

Secreted protein acidic and rich in cysteine (SPARC) is a calcium-binding matricellular glycoprotein
that mainly modulates interactions between cell and extracellular matrix, while not participating in
the structural scaffold of the extracellular matrix.?!*??° Several studies have found SPARC
overexpressed in cells and stroma of several tumors, demonstrating its contribution to the
development and progression of a variety of tumors,??! including ovarian cancer.????*> At the same



time, some data demonstrated the opposite.?>* Chen et al. have demonstrated a strong correlation
between the overexpression of SPARC and high-stage, low differentiation, lymph node metastasis,
and poor prognosis in ovarian cancer.?!” On the contrary, in a more recent study, Peng et al. have
suggested SPARC might inhibit angiogenesis and lymph-angiogenesis in ovarian cancer, by reducing
the expression of vascular endothelial growth factors (VEGF)-C and (VEGF)-D, which favor the
metastatic involvement of lymph nodes, promoting tumor lymphatic vessel growth.??* Thus, the role
of SPARC in ovarian cancer needs to be further investigated.

Single-walled carbon nanotubes (SWNT) probe

Ceppi et al. have developed a NIR-II fluorescent SWNTs-based nano-probe for real-time image-
guided ovarian cancer-targeted surgery. The probe consists of the cylindrical non-lytic-M13-
bacteriophage, characterized by a length of 880 nm and a diameter of ~ 5-6 nm, which acts as a carrier.
The filamentous bacteriophage presents engineered coating-proteins, one of which (p3) mediates
specific binding with SPARC, ovarian cancer over-expressed matricellular protein (targeting moiety).
Instead, the other M13-coating protein, which represents the primary component, forms a multivalent
SWNT (contrast moiety), the 500 nm long carbon nanotube with a diameter of 1 nm, endowed with
intrinsic NIR-II fluorescence (900-1,400 nm range). When compared to other organic dyes, SWNTs
exhibit more attractive features, such as a larger Stoke shift and a higher absorbance in the NIR I
spectrum. The SWTNs probe feasibility has been in vivo evaluated in orthotopic mice models of
ovarian cancer (A2780 cells). 24 Hours before the fluorescence-guided surgery, mice were IP injected
with the fluorescent nanoprobe at 20-30 pg/ml concentration in 400 ul of 1x PBS. Based on the post-
operative analyses performed on excised tissues, the nano tracer has shown a sensitivity of 97.2%,
which corresponds to the percentage of the total of fluorescent tissues excised that were revealed to
be malignant at biopsy (true positives). Instead, the SWNTs specificity has been assessed at 70.9%,
due to the number of excised fluorescent tissues and negative for the biopsy (false positives, 29.1%
of the total). Importantly, SWNTs have exhibited a high resolution, allowing the detection of sub-
millimeter lesions, having an average size of 1.36 + 1.01 mm (Image 5).%?°

Image 5.

According to ex vivo analyses, 93.5% of the malignant tissues tracked by SWNTs highly express
SPARC, showing evidence of the effective in vivo targeting performed. Since SPARC not having been
detected in 10 of the 16 false positive tissues analyzed, SWNTs-based nanoprobe presents a little non-
specific binding. On the contrary, the presence of 6 target-expressing lesions, on a total of 16 false
positives, indicates that SPARC is expressed also in other tissues, despite at a low level.?? Indeed, a
previous study reported that SPARC is expressed in fibroblasts and adipocytes.??’ In the SWNTs in
vivo evaluation, the nano tracer has identified an ectopic expression of SPARC in pancreatic stromal
structures and pericolic fat tissues. Summarily, the fluorescent imaging nano-agent developed allows
accurate ovarian cancer detection and subsequent surgical resection, despite some limitations in the
targeting effectiveness.??

4.4 Tumor-associated macrophages (TAMs)

Being the major component of the leukocyte infiltrate inside the stroma of several solid tumors, in
some cases, tumor-associated macrophages (TAMs) represent up to 50% of the tumor mass and play
a key role in tumor development.??®??° These innate immunity cells constitute the mononuclear



phagocyte system, and they are involved in defense mechanisms, tissue development, and
maintenance of homeostasis. Macrophages have primarily phagocytic and bactericidal activity, but
they can also produce inflammatory cytokines fundamental in adaptive immune responses.
Depending on signals received from the microenvironment, macrophages can exhibit a wide spectrum
of activation states, that range from classical activation (M; macrophages) to alternative activation
(M2 macrophages). While M1 macrophages inhibit cell proliferation and induce tissue damage, M»
macrophages promote cell proliferation and tissue repair.>**->*! Despite previous studies reporting that
macrophages can exert both anti- and pro-tumoral functions, high TAMs content is mostly associated
with a poor prognosis, at least in 80% of tumors.?*?>* Indeed, TAMs possess tumor-supportive
properties, making the tumor microenvironment immunosuppressive, and they support metastasis
development, promoting neo-angiogenesis and tumor-spheroids formation via detached-cancer-cells
dissemination.?*>?34236 Robinson-Smith et al. reported intraperitoneal inflammation enhances the risk
for peritoneal metastasis dissemination in ovarian cancer. Indeed, the depletion of peritoneal
macrophages, but not neutrophils and natural killer cells, has reduced the chance of peritoneal
metastasis.?®’ Yin ef al. demonstrated the correlation between TAMs and intraperitoneal metastasis,
in an intraperitoneal murine model of ovarian cancer (SKOV-3 cells). Localized in the center of
spheroids, TAMs M> macrophage-like secrete EGF, which upregulates integrin amp2 on TAMs and
ICAM-1 on tumor cells, promoting association between tumor cells and TAMs. Moreover, the
activation of EGFR by EGR on tumor cells, in turn, up-regulates the VEGF/VEGFR signalling
pathway which supports tumor cell proliferation and migration, in the surrounding environment.3*

Fluorescent SiNPs

Haber et al. have synthesized fluorophore-loaded silica nanoparticles (SiNPs) for in vivo ovarian
cancer tumor-targeted detection. The tumor-targeting capability of SiNPs depends upon the used route
of administration, and NPs size and charge. The anionic SiNPs capable of targeting ovarian cancer
cells exhibit a hydroxyl surface and include a red fluorescent dye (structure not available). The
tumors were imaged at an excitation of 570 nm and an emission of 610 nm. In addition, for high and
specific tumor accumulation, the nanoparticles must have an average size of 500 nm and be
administered by IP injection. In intraperitoneal murine models of metastatic (stage I1I) ovarian cancer
(human OVCARS.EGFP cell line), SiNPs (1 mg NPs/mL) have selectively detected ovarian cancer
metastases, after 4 days of IP injection, accumulating on tumor surfaces but not on healthy ones. The
red fluorescent silica NPs have shown a high sensitivity, tracking even sub-millimeter metastases (0.5
mm). Confocal images of the excised and dissected animal tissues, which included both the malignant
lesions and surrounding the healthy tissue, have revealed that SiNPs identified 94% of malignant
tissues, and only 3% of labelled tissues were healthy. The specific tumor localization of SiNPs
requires several days. The nanoparticles likely circulate in the intraperitoneal cavity and slowly
accumulate on the tumor surfaces, according to confocal microscopy at high magnification images.
Flow cytometry analyses have shown that 72% of SiNPs-containing cells were positive for the TAMs
markers CD45, CD11b, and F4/80. More specifically, 87 % of the total TAMs population includes
the SiNPs, and only 2.1% of silica nanoparticles entered inside the cancer cells. The high SiNPs-
uptake by TAMs has been observed in freshly excised patients-derived samples obtained as well.
Similarly, to that observed in animal models, the highest SiNPs accumulation in tumors has been
achieved on day 4 post-injection, even if a strong signal is still present on day 7, and no accumulation
has been observed in healthy tissues. Although the use of SINPs demonstrated significant advantages
in the selective and sensitive in vivo detection of ovarian cancer, red fluorescent particles are not ideal



for surgery application, since they emit in the visible spectrum, and their fluorescence is not easily
distinguishable from blood and tissue.?*’

Silica-coated up-converting nanoparticles (UCNPs)

Marotta et al. have developed silica-coated UCNPs (Yb-Ho-Si0»-2) for in vivo ovarian cancer
detection, combining the high TAMs-targeting ability of SiNPs and the advantageous spectroscopic
properties of the up-converting inorganic nanoparticles.>*’ Excited by multiple photons, with a longer
wavelength (NIR), UCNPs can emit a single, high-energy photon, with a shorter wavelength (UV-
Vis).?® Indeed, despite the inorganic nanoparticles’ toxicity profile needing further investigations,
UCNPs offer the possibility of using a low-energy and less invasive light source, reducing irradiation
patient exposure. These inorganic nano-tracers consist of three primary components: a sensitizer
(Yb*) which absorbs the light energy, an emitter (Ho®"), and a hexagonal host matrix (NaYFa).
Specifically, UCNPs have been synthesized by increasing the lanthanoid core sequentially by adding
layers of varying compositions until obtaining a specific multilayer core@shell structure of
NaY:Yb:Ho(10:89:1)F4@NaYb:Y(9:1)F4@NaNd: Y (9:1)Fa. Lastly, to increase their biocompatibility
and targeting capability, the lanthanoid-based UCNPs were coated with silica (Yb-Ho-Si0,-2), using
the reverse micro-emulsion process, reaching a size over 150 nm. With an absorption in the NIR
window (Aabs=980 nm), Yb-Ho-Si0»-2 exhibits a strong green fluorescence emission (Aem=545 nm).
Evaluated in vivo on intraperitoneally xenografted mice model of ovarian cancer (OVCARS-GFP
cells), silica-coated UCNPs proved to selectively detect tumor lesions, sparing non-cancerous tissues,
following 4 days from the IP injection (1.37x10'° NPs in 1 mL PBS). According to fluorescence
imaging analyses of organs and tumor lesions excised from the animal models, the inorganic
fluorescent nano-traces highlight cancerous tissues with a very high contrast value. Measured as the
maximum pixel count of the tumor (or non-malignant tissue) divided by the average mean pixel count
of the background, the average value of TBRs for malignant tissues was found to be 397, whereas the
mean of TBRs values measured for healthy tissues was 4. Moreover, compared to a surgical resection
guided by naked-eye visual inspection, the UCNPs-guided detection allowed to reduce the residual
tumor mass after surgery to 0.2%, against the ~10.7% that remained after visual-guided surgical
removal. Additional guided-surgical investigations and analysis to confirm TAMs as the primary
target, further research, and in-depth analysis to strengthen the use of UCNPs as a potential contrast
agent for targeted ovarian cancer imaging is needed.’*

Table 1.

5. Conclusion and final remarks

Complete resection of all visible diseases (RO resection) is critical for the treatment of ovarian canc

er patients, and accurate real-time guidance provided by intraoperative near-
infrared (NIR) fluorescence images is beneficial for achieving complete resection of all visible dise

ases. Several fluorescent probes have been developed. Noteworthy is Cytalux, the first targeted
imaging agent, approved by the FDA last year, designed to “highlight” ovarian and lung cancer in the
body, helping surgeons to see it in real-time, as they operate. Cytalux is a pafolacyanine ligand of
Folate receptor alpha. However, adverse reactions including nausea, vomiting, abdominal pain,
flushing, allergic reaction, elevation in blood pressure, indigestion, and chest discomfort were
reported during the administration of Cytalux. Consequently, more probes must be identified with a



better safety profile. The targeting unit (antibody, nanobody, small molecules etc) as well as the
fluorophore selected to build a fluorescent probe affect the liability of the final compounds,
consequently it is not yet possible to identify a general rule. Thus, the main aim of this review is the
describe a selection of fluorescent probes that are classified based on their biological target. Details
about their mechanism of action are also reported.
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Figure 1. Chemical structure of RR11 probe.

Figure 2. Chemical structure of MSA 14 probe.
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Figure 3. Chemical structure of CMP probe.



Figure 4. Simplified activation mechanism of Q3STCy.
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Figure 5. Cyclization equilibrium of HMRef-pGal.
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Figure 6. HMRef-BGal activation by specific action of S-Galactosidase.



Figure 7. Chemical structure of BOD-M-fGal.
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Figure 8. Folic acid (FA) chemical structure.

Figure 9. Chemical structure of 1,1'-dioctadecyl-3,3,3',3'-tetramethylindo-tricarbocyanine iodide bis-oleate (DiR-BOA).
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Figure 10. Chemical structure of the folate-specific activatable probe (FSA).

Figurell. EC17 chemical structure.
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Figure 12. Chemical structure of IRDye 800CW maleimide.



Figurel3. Intramolecular spiro cyclization of 2-COOH SiR650.
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Figure 14. Structure of FolateSiR 1.
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Image 1. Time-lapse fluorescence images of KB tumor-bearing mouse injected with 100 uM FolateSiR-1.



Figure 16. IR780 chemical structure.
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Figure 17. Pafolacianine (Cytalux) structure.



Image 2. Visualization of ovarian cancer lesions in the right paracolic gutter using (A) normal white light
compared with (B) NIR fluorescence imaging following pafolacianine injection.”
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Figure 18. Structure of AngioStamp®.
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Figure 19. Chemical structure of SQRGD2.
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Figure 20. Chemical structure of BrCy106-NHS.
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Image 3. Fluorescence the ovarian tumor and metastasis of few millimeters detected on the lesser curvature
of the stomach of the tumor bearing mouse (Image 2B-C).1%8

Figure 21. Chemical structure of LPA.



Figure 22. Chemical structure of G4RGDSq2.

Figure 23. Chemical structure of Cy7 NHS.
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Figure 24. Structure of hPL*-Cy5 and hPL*-Cy5.5.
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Figure 25. Chemical structure of GnRHa-ICG.



Figure 26. Chemical structure of NMP1.
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Figure 27. Chemical structure of AlexaFluor 680.
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Figure 28. Chemical structure of AlexaFluor 750.
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Image 4. Intraoperative white light (colour), near infrared (NIR 800) fluorescent and pseudo-colorued
fluorescence intensity merge images show positive identification of primary tumor and small metastatic lesions
in four separate, orthotopically implanted PDX models of HGSOC.>*
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Figure 29. Chemical structure of MMP-3-sensitive probe.
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Image 5. Steps of surgery. Visible pictures (top) and corresponding fluorescent images with representative
visible (blue arrowheads) and microscopic tissues (yellow dots). After visible surgical resection, no visible
disease is observed; the remaining fluorescence-labelled tissues are removed with SWINTs guidance.??



Table 1. Summary of covered fluorescent-imaged guided surgery probes of ovarian cancer.

Target
Probe Target recognizing Fluorophore Reference
moiety
RR11 COX-1 Mofezolac Nile Blue [28-29]
MSA14 COX-1 Mofezolac NIR cyanine [29]
Carboxy-X-
CMP COX-1 SC-560 rhodamine [30]
fluorophore
QsSTCy hNQO1 2-mercaptoethanol | NIR fluorophore | [40]
B-
HMRef-pGal Galactosidase | f-galactose HMR-Ref [44]
(B-Gal)
Boron
BOD-M-BGal ?}_alactosidase [-galactose dipyrromethene [47]
(B-Gal) & (BODIPY)-based
fluorophore
FA-HDL(DiR-BOA) . . NIR fluorescent
NPs FRa Folic Acid dye DiR-BOA [12]
Folate-specific
activatable probe FRa Folic Acid NIR dye ATT655 | [53]
(FSA)
) . Fluorescein
EC17 FRa Folic Acid (FITC) [54-57]
Hn-farletuzumab-
IRDye800CW FRa Farletuzumab IRDye800CW [58]
HSA&ICG-FA NPs ) . ICG
HSA&FITC-FANPs | | R¢ Folic Acid FITC [19]
Phthalocyanine
II\{HS)I:;&phthaloNO}AB FRo AB fluorescent dye [59]
(phthaloNO»)
Si-Rhodamine
FolateSiR 1 FRa Folic Acid (2-COOH [60]
SiR650)
FA-BSA-AuNCs FRa Folic Acid BSA-AuNCs [63]
FA-ZW800-1-Forte FRa Folic Acid ZW800-1-Forte [65]
Plu-IR780-chit-FA FRa Folic Acid IR780 [66]




FA-IR780&PFOB-

SNPs FRa Folic Acid IR780 [67]
Indocyanine
OTL38 FRa Folic Acid Green-like NIR [64,73-74]
dye
AngioStamp® oyf3-integrin RAFT-(cRGDfK)s | Not available [79]
AngioStamp800 oyf3-integrin RAFT-(cRGDfK)s | IRDye800CW [83]
owfS3-integrin
IntegriSense 680 ayf3-integrin nonpeptidic NIR fluorophore | [91]
antagonist
NIR-emitting
SqRGD2 ayf3-integrin cRGDfK squaraine dye [92]
(Sq)
AF680-labeled phage- biotinylated-
118 EGFR peptide J18 AF680 [104]
BrCy106-NHS-doped o . NIR bromo-
optical viral ghosts HER-2 ﬁg[f{b_gdles against cyanine dye [118]
(OVGs) BrCy106-NHS
. Fluorescein
F iTgégonJ“gated CPE | Claudin3/4 | cCPE isothiocyanate | [127-128]
pep (FITC)
CW800-cCPE Claudin 3/4 cCPE IRDye800CW [132]
: . Inorganic
LbL DCNPs CD44 Fggl)uromc Acid fluorescent dye [133]
DCNPs
NIR-emitting
G4RGDSq2 LPA G4RGD squaraine dye [138]
(89)
COC183B2-Cy7 OC183B2 COC183B2 Cy7 [140-141]
COC183B2-800 0OC183B2 COC183B2 IRDye800CW [141]
Cancer antigen mAb-based
$B43.13-IR800 125 (CA12 Sg) targeting moiety IRDye800CW [155]
(B43.13)
NIR fluorescent hPL*- Prolactin Recombinant Cys
njugates receptor human placental Cy5.5 [169]
con (PRLR) lactogen™ (hPL*) '
NIR-II-emitting
inorganic down-
DCNPs-L1,-FSHg FSHR FSHp shifting [180]
nanoparticles
(DCNPs)
Follicle- NIR-II
DSNPs@FSHP FSHR Stimulating fluorescent [182]

lanthanide-based




Hormone Peptide

down-shifting

(FSHP) nanoparticles
(DSNPs)
The peptidic Indocyanine
GnRHa-ICG GnRHR antagonist of Green (ICG) [186]
GnRHR (GnRHa)
. human Galactosyl .
hGSA-NMP1 f;‘:“:ors Serum Albumin (SgnMﬂllflt;C dye [193]
P (hGSA)
Mouse-derived
CD24-AF680 CD24 monoclonal AF680 [203]
antibody against
human-CD24
Mouse-derived
CD24-AF750 CD24 monoclonal AF750 [204]
antibody against
human-CD24
Metalloproteinase-3 .
(MMP-3)-sensitive | MMP-3 MMP-3-specific | NIR fluorophore | 7,
peptide substrate Cy5s.5
probe
Secreted
Single-walled carbon Protein Acidic | cylindrical non- intrinsic NIR-II
nanotubes (SWNT) and Rich in lytic-M13- fuorescence [226]
probe Cysteine bacteriophage
(SPARC)
Tumor-
Fluorescent Silica Associated Anionic SiNPs Red fluorescent
: . . dye (structure not | [239]
Nanoparticles (SiNPs) | Macrophages | capable of targeting .
available)
(TAMs)
Silica-coated Up- E;Islz)(;ri;te d Specific multilayer | Intrinsic NIR
Converting Macrophages core@shell Fluorescence of [240]
Nanoparticles (UCNPs) (T AMS & structure UCNPs
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