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ABSTRACT: Ovarian cancer is the deadliest of all gynecological cancers and the fifth leading cause of death due to cancer in
women. This is largely due to late-stage diagnosis, poor prognosis related to advanced-stage disease, and the high recurrence rate
associated with development of chemoresistance. Survival statistics have not improved significantly over the last three decades,
highlighting the fact that improved therapeutic strategies and early detection require substantial improvements. Here, we review
and highlight nanotechnology-based approaches that seek to address this need. The success of Doxil, a PEGylated liposomal na-
noencapsulation of doxorubicin, which was approved by the FDA for use on recurrent ovarian cancer, has paved the way for the
current wave of nanoparticle formulations in drug discovery and clinical trials. We discuss and summarize new nanoformulations
that are currently moving into clinical trials and highlight novel nanotherapeutic strategies that have shown promising results in
preclinical in vivo studies. Further, the potential for nanomaterials in diagnostic imaging techniques and the ability to leverage
nanotechnology for early detection of ovarian cancer are also discussed.
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I. OVARIAN CANCER to a dismal 20%. Unfortunately, more than 60% of

all ovarian cancer cases are still diagnosed at stage

A. Introduction

Ovarian cancer ranks as the fifth leading cause of
death due to cancer in women, yet this disease only
accounts for ~5% of all female cancer cases.! In 2013,
it was predicted that approximately 22,240 new cases
of ovarian cancer will be diagnosed in the United
States.! Ovarian cancer is the most common cause
of death due to gynecological malignancy, with an
estimated 14,030 deaths predicted for 2013.! Survival
statistics for ovarian cancer are encouraging if the
cancer is detected at an early stage (<III), without
spread to the peritoneum and surrounding organs.
However, if a patient is diagnosed with significant
metastatic disease, the five-year overall survival drops
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III or later and the overall survival statistics have
not improved greatly over the past 30 years.? These
data highlight that early detection of ovarian cancer
and improvements in therapeutic intervention for
late-stage metastatic cancer are desperately needed
to combat this deadly disease.

Greater than 90% of ovarian cancer cases are of
epithelial origin. Examples of the much less frequent
nonepithelial ovarian cancers include germ cell and
stromal derived tumors. It is becoming increasingly
clear that the broad classification of epithelial ovarian
cancer (EOC) encompasses a number of different
diseases that simply share the same localization
within the intraperitoneal (IP) cavity.? These are
divided into five histological subgroups: high-grade
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serous, low-grade serous, mucinous, clear cell, and
endometriod ovarian cancer. It is now known that
these are very distinct diseases based on histology,
genomic analysis, and their tissue of origin (Table 1).
Most prominently, the cancer genome atlas (TCGA)
recently revealed that >96% of high-grade serous
ovarian cancers contain mutations in TP53 and
alterations in the BRCA genes (mutation and gene
methylation). These are also characterized by high
frequency in somatic gene copy number alterations,
indicative of defects in homologous recombina-
tion repair.®> Conversely, clear cell carcinomas have
less genomic instability, but display a wide variety
of somatic mutations, some of which are pathway
specific, such as those affecting P13 kinase signaling.
While it is beyond the scope of the present review
to discuss these in detail, we are aware that novel
nanotechnology-based therapies will have to take
these differences into consideration, especially when
developing pathway specific/targeted drug therapies
and biomarker-based diagnostics. To date, most
research efforts have focused on the development
of novel therapies for serous ovarian cancer, since
this is the most frequently occurring histological
subtype of ovarian cancer and provides the largest
patient pool in clinical studies. We refer the reader
to a number of excellent reviews that discuss the
different histological subtypes, their genetic markers,
and tissues of origin in greater detail.>*”7
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An additional classification of ovarian cancers
into two “types” has been proposed, with type 1I
tumors being characterized by TP53 mutations,
late-stage diagnosis, and poor outcome.’ It is gen-
erally now accepted that the fallopian fimbria is
the precursor sites of HGSOC (high-grade serous
ovarian carcinoma), possibly due to the implantation
of the fimbria epithelial cells on the ovarian surface.
However, a body of literature exists that continues
to argue that a certain percentage of serous ovar-
ian cancers may arise from the surface epithelium
of the ovary. The estimation of mucinous subtype
frequency was previously much higher, due to the
misdiagnosis of gastrointestinal cancer derived—IP
metastatic lesions.

Germ-line mutations in the BRCA1 and BRCA2
genes that normally assist in DNA breakage repair
are associated with increased risk and found in ~22%
of high-grade serous ovarian cancer cases.? The risk
of developing clear cell and endometriod carcinomas
has largely been associated with endometriosis, while
the origin and risk factors for the low-frequency
mucinous subtype remains largely unknown.’ It has
been known for some time that the risk of develop-
ing ovarian cancer is proportional to the number of
lifetime ovulations. For example, risk is decreased
by pregnancies, contraceptive use, and tubal liga-
tion or hysterectomy.® Thus, the site of ovulation
on the ovarian surface epithelium was previously

TABLE 1: Histological subtypes of epithelial ovarian cancer and associated genetic mutations>7!!

Histologic subtype Percentage of EOC cases

Most common genetic | Tissue of origin

(%) changes

Serous, high grade 70 TP53 (96%) Fallopian tube fimbria
(type I1)* BRCA1/BRCA2 (22%)
Serous, low grade <5 BRAF/KRAS (50%) Fallopian tube fimbria
(type ) ERBB?2 (9%)
Clear cell 10 ARIK1A (50%) Endometrial/ endometriosis
(type ) PIK3CA (50%)

PTEN (20%)
Endometrioid 10 CTNNBI (40%) Endometrial/ endometriosis

(low grade, type I;
high grade, type II)

PIK3CA (20%)
PTEN (20%)

Mucinous <5

(type I)

KRAS (75%)
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thought to be the site of the precursor lesion of
ovarian cancer. However, since the origin of most
serous ovarian cancers has now been demonstrated
to be derived from the fallopian tube epithelium,
largely by genomic association of BRCA1/BRCA2
mutations,’ it is now believed that the fallopian tube
fimbria comes into close contact with the ruptured
ovarian surface epithelium during ovulation, which
enhances formation of precursor lesions on the ovary.

Unlike other cancer types, ovarian cancer metas-
tasis occurs largely by the transcoelomic route and
disease is often diagnosed, especially in the case of
high-grade serous ovarian cancer (type II tumors),
once the cancer has extensively spread throughout
the IP cavity.!®!! Stage III and IV cancers often
present with high volumes of ascites, which lead
to symptomatic distention and abdominal pain for
the patient and this has been associated with poor
outcomes.!?

B. Current Diagnosis and Biomarkers

Unfortunately, 75% of ovarian cancer diagnoses occur
after the carcinoma has reached stage I1I or IV.8 Often
termed “the silent killer,” it was perceived that ovarian
cancer does not normally manifest symptoms until
spread beyond the ovaries. However, it is becoming
evident that early symptoms of ovarian cancer exist
but are variable between patients and often misdi-
agnosed as benign gastrointestinal and gynecological
issues. These include bloating, abdominal pain, feeling
tull after eating, frequent urination, and irregular
menstrual bleeding. As such, continuing education
of the early signs and symptoms of ovarian cancer
are pivotal to minimize the time to an accurate
diagnosis. Manual pelvic examinations often sufter
from a low sensitivity for early detection, which is
improved by transvaginal sonographies. After pel-
vic examination, gynecological oncologists proceed
to biopsy and histological analysis to confirm the
presence and stage of the disease. This will often be
accompanied by assessment of CA125 antigen levels
in the patient serum.

Serum cancer antigen 125 (CA125), a glyco-
protein, also known as mucin16 (MUC16), was first
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discovered by Bast e a/., in an epithelial ovarian
cancer—derived cell line.’® Unfortunately, CA125 is
not a suitable marker for routine annual screening
due to the large false-negative and false-positive
incidences of the test. Many other benign condi-
tions also exhibit expression of this marker, including
endometriosis-induced irritation, pregnancy, and
liver disease, potentially leading to false diagnosis.
Routine screening of the general population by a
combination of transvaginal ultrasound and CA125
blood tests was not recommended by the American
Medical Association, since it did not reduce overall
ovarian cancer mortality.! It further highlighted
the false-positive nature of the screen, which can
result in significant complications for patients that
undergo unnecessary abdominal biopsies. However,
CA125 is still a valid tool for clinicians and most
commonly used to monitor disease-free status and
recurrence of the disease following resection and
chemotherapeutic intervention.

The lack of a good biomarker has led to an
intense search for alternatives. Several new tumor
markers for ovarian cancer have been identified in
sera of patients, based on proteomics analysis.’ For
example, enhanced protein glycosylation has been
observed in serum from ovarian cancer patients'¢-18
and elevation of 11 N-glycans was shown to be
slightly more specific and sensitive than CA125.%
Unfortunately, none of these have proven to signifi-
cantly enhance diagnosis of ovarian cancer on their
own. To improve screening using CA125 antigen,
several clinical trials are now focused on multiplex
analysis, combining CA125 with other markers.?
An example is human epididymis secretory protein
4 (HE4), which is a glycoprotein that is expressed in
50% of ovarian cancer specimens that show negligible
expression in CA125, and may therefore reduce the
false-negative population pool.?! The risk of ovarian
malignancy algorithm (ROMA), which combines
CA125 and HE4 levels with menopausal status,
has shown mixed results for its improvement over
CA125-only screening. However, there appears to
be an improvement in diagnosis of post-menopausal
women.?>?3 Similarly, the FDA-approved OVA1 test,
which combines serum markers that were identified

by SELDI-TOF-MS (CA125, transthyretin, ApoAl,
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beta-2 microglobulin, transferrin), did not show
significant improved screening for patients when
compared with CA125 alone.?*?® Other markers
of ovarian cancer that are currently being tested as
potential serum indicators of the disease include
the glycoprotein mesothelin and the proteinases
Kallikrein and Prostatin (PRSS8).26 In addition,
ovarian cancer cells express high levels of vascular
endothelial growth factor (VEGF) and cell surface
proteins, such as the folate receptor, epidermal growth
factor receptors (EGFR and HER?2), integrins, and
claudins. Screening tumor specimens for specific
protein expression levels will aid in determining the
optimal treatment regime and developing targeted
therapies against tumor specific cell surface proteins
(see below).

Odur ability to better classify the different histo-
logical subtypes of ovarian cancer has significantly
been improved by recent advances in genomic analy-
sis.? The association of BRCA1/BRCA2 mutations
with high-grade serous ovarian cancer has prompted
increased screening for these markers in patients with
familial history of ovarian and breast cancers. With
the focus being placed on increasing the sensitivities
to detect circulating tumor cells and DNA, our abil-
ity to incorporate routine genomic analysis to detect
common mutations, gene copy number alterations,
and hypermethylation signatures will only aid in our
ability to more accurately diagnose ovarian cancer.
While it is beyond the scope of this review, nano-
technology applications will likely aid our ability to
isolate circulating tumor cells and detect circulating

tumor DNA.%/

C. Standard Clinical Treatment

'The first-line treatment for ovarian cancer is cyto-
reductive surgery. After optimal tumor debulking,
the standard therapy, which has been used since
the 1970s, is largely comprised of intravenous (IV)
platinum-based chemotherapy over a six- to eight-
week treatment course. Initial response to agents
such as cisplatin or carboplatin is usually greater
than 70%. Unfortunately, a large proportion of
patients relapses and develops platinum resistance.
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In this case, the second line of therapies include
taxane or PEGylated liposomal doxorubicin (Doxil;
see the Nanotherapeutic section for more detail).
For platinum-sensitive cancers, most clinicians rely
on the combination of carboplatin and Doxil for
recurrent disease, since these have a lower toxicity
profile compared with cisplatin and free doxorubicin.
Other combination chemotherapies that have been
approved for ovarian cancer include gemcitabine-
taxol and bleomycin-etoposide-cisplatin. Due to
the relative confinement of ovarian cancer and its
metastatic lesions to the in IP cavity, gynecological
oncologists have administered chemotherapy agents
directly via IP route for many years. “Bathing the
abdomen” in cisplatin and paclitaxel was shown to
significantly increase progression-free survival for
advanced stage (>I1I) ovarian cancer patients?® and
a recent long-term follow-up study demonstrated a
17% increase in overall survival.?*3° Compared to IV,
the administration of IP therapy is more cumbersome
and subjects the patient to more discomfort, due to
the positioning of an abdominal catheter. It has also
been associated with increased risk of intra-abdominal
infections and gastrointestinal side effects.’ How-
ever, the major benefits of IP therapy include better
tumor targeting and potential decreased systemic
toxicity. Novel nanotechnology-based therapeutic
and imaging strategies may take advantage of this
administrative route.

Due to the high frequency of platinum resistance,
much effort is being placed on development of novel
therapies. Although it is beyond the scope here to
discuss these in detail, we refer the reader to other
reviews.”3! Most of the drugs entering clinical trials for
ovarian cancer are based on our increasing knowledge
of the genomic and signaling pathway aberrations of
the different subtypes of ovarian cancer. For example,
PARP (poly ADP ribose polymerase) inhibitors are
increasingly being investigated for use in high-grade
serous ovarian cancers, due to high-frequency defects
in homologous recombination repair. Phase II clinical
trials indicate that maintenance therapy with the PARP
inhibitor olaparib, following two or more courses of
platinum-based chemotherapy, increases progression-
free survival.** Other examples of clinical trials that
focus on pathway-specific inhibition are those study-
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ing the use of mTOR inhibitors (e.g., temsirolimus),
kinase inhibitors (sorafanib),and MAP kinase pathway
inhibitors. Knowledge of aberrant genetics in the his-
tological subtypes will likely guide treatment strategies.
For example, in low-grade serous ovarian cancer, MAP
kinase signaling pathways are an attractive target due
to their high frequency in Ras mutations. A recent
phase II trial with the MEK1/2 inhibitor AZID6244
(selumetinib) has shown an improvement in outcome,
with 65% of patients in the trial showing stabiliza-
tion of the disease.* Unfortunately, clinical trials are
often made difficult by the small number of type I
histological ovarian cancer cases.

Unlike breast cancer, ovarian cancer does not
generally present with mutations in the epidermal
growth factor receptors EGFR (HER1) or HER2,
although there is high expression of wild-type EGFR
in about 60% of ovarian cancer cases and 18% of the
mucinous subtype have enhanced levels of HER2.
Unfortunately, clinical trials have largely reported
no significant benefit in use of EGFR and HER2
inhibitors, such as erlotinib and herceptin, on ovarian
cancer”** On the other hand, targeting angiogenesis,
the vascular endothelial growth factor (VEGF) path-
way has been met with more success. Bevacizumab,
an inhibitory antibody against VEGF-A, is often
used in combination therapy, and has been shown to
improve the progression-free survival in two recent
phase III clinical trials.3>% Importantly, it has shown
significant benefit for platinum-resistant populations.’
As in other cancers, drug resistance to bevacizumab
and toxicity need to be taken into consideration for
future treatment strategies for ovarian cancer.

Given the increase in DNA synthesis and repair
of proliferating cells, most cancer cells have a need
for enhanced folate uptake, a precursor for purine
and pyrimidine synthesis. Compounds such as the
antifolate pemetrexed, the folate receptor (FR)
inhibitor vintafolide, and folate receptor inhibitory
antibody farletuzumab have been primarily tried on
platinum-resistant ovarian cancer patient population
and some encouraging results from phase II trials
have been observed.’”3 As expected, patients with
folate receptor positive cancers had greater response
to these therapies, further arguing for individualized
drug treatment strategies for ovarian cancer. It is
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anticipated that nanotechnology formulations will
aid in improving targeting, drug efficacy, and toxicity
profiles of these new treatment strategies.

Il. NANOTECHNOLOGY IN DIAGNOSIS
AND IMAGING

The last decades have seen great advancements in bio-
sensor technology, point-of-care systems, improved
imaging technology, and the use of multiplexed assays
combined with bioinformatics. In recent years, micro-
electromechanical systems (MEMS) technology and
various nanoparticle platforms have made strides to
improve diagnostic techniques, largely by enhancing
contrast agents used in imaging techniques and as a
means to detect biomarkers. Given the lack of early
diagnosis and discrepancy in clinical procedure for
detection of ovarian cancer, novel nanotechnology-
based tools may provide alternatives that will improve
this area. Below, we provide a brief overview of how
nanotechnology has been applied to ovarian cancer
detection and imaging.

A. Nanotechnology for Biomarker
Detection

As mentioned, there are limited established bio-
markers for ovarian cancers and currently no rou-
tine screening of healthy women. The inadequate
performance of current diagnostic methods has led
to several investigations to identify new biomarkers
and use of multiplex assays of serum protein levels
(ROMA/OVA1). Recent reports indicate that in
addition to CA125, human epididymis protein 4
(HE4) and mesothelin have some promise for use
in multiplex assays to improve reliability and perfor-
mance.?>3? While any diagnostic test relies on good
biomarkers, nanotechnology can help improve on
current diagnostic technologies with capture, puri-
fication, and detection techniques to enable rapid,
reliable, low-cost, and multiplex screening. There
are a plethora of examples of how nanotechnology-
based sensors and assays can be applied to cancer
diagnostics. For the interested reader, we point
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to several reviews discussing nanotechnology and
biosensing in general.*0-4

That being said, demonstrations of nanotech-
nology and nanoparticles toward ovarian cancer
screening/detection have been somewhat limited,
and as mentioned above suffer from the same issues
associated with use of CA125 as a biomarker for
ovarian cancer. Nevertheless, in 2009, a microfluidic
platform incorporating quantum dot-labeled CA125
antibodies was demonstrated.* This assay relies on
micropatterned wells, each holding a single agarose
particle with immobilized capture antibody. Follow-
ing antigen capture, a second quantum dot-labeled
antibody enables fluorescent visualization. Using
individually conjugated agarose beads, a multiplex
assay for CA125, HER2, and carcinoembryonic
antigen was realized with two orders of magnitude
improved sensitivity for carcino embryonic antigen
over enzyme-linked immunosorbent assay. Since the
initial proof of principle study, this “programmable
bio-nano-chip” has been further developed toward a
point-of-care system for ovarian cancer screening.*

A recent example of ovarian cancer diagnostics
incorporating nanoparticles include screen-printed
gold nanoparticle electrodes for label-free impedi-
metric sensing of CA125, with a lower limit of
detection of 6.7 U/ml (for adequate diagnosis, the
serum levels should reach approximately 35 U/ml).*
Another example is an electroluminescent sensing
platform that incorporates iron oxide nanoparticles
labeled with a primary antibody and a dendrimer/
luminol modified secondary antibody. This platform
was shown capable of detecting CA125 at concentra-
tions as low as 0.03 pU/ml.# It is anticipated that
MEMS systems, nanoparticles, lab-on-chip, and
various alternative sensing platforms will be further
developed to realize improved ovarian cancer screen-
ing and diagnostics, particularly for the multiplex
screening approaches that appear necessary.

B. Nanoparticle-Based Imaging Agents
Over the last 10-15 years, a broad assortment of

nanoparticle-based enhancement agents for in vitro
and 77 vive imaging has been developed. Essentially,
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every nanoparticle platform has been adapted for
common imaging modalities in some way or another,
and a complete survey is not within the scope of this
article. For the interested reader, there are several
reviews that include discussion of various nanopar-
ticle systems for imaging.*5 In this section, we
discuss and summarize recent use of nanoparticles
toward ovarian cancer imaging (see Table 2). Imaging
modalities for cancers in general include computer
tomography, positron-emission tomography/single-
photon emission computed tomography (SPECT),
magnetic resonance imaging (MRI), ultrasound, and
optical imaging. For ovarian cancer, the latter three are
most common, where transvaginal ultrasound is the
preferred imaging modality for clinical diagnostics.

1. Ultrasound (US) Imaging

US imaging is based on a high-frequency sound wave
(>20 kHz), where a transducer is placed against the
tissue and an image is reconstructed from the sound
wave reflected by the internal organs. It is the most
common imaging modality for ovarian cancer in the
clinic, much of which can be attributed to its relatively
low cost, simple/safe operation, and fast acquisition.
Contrast agents for US imaging need to change the
acoustic properties of the tissue, where particles with
gas-filled cores (perfluorocarbon, air, etc.) are the most
common approach to realize this. Albumin-stabilized
perflutren particles (OPTISON) and lipid micro-
spheres with perflutren (Definity) are two examples of
commercial US imaging agents. Such microparticles
have been demonstrated for transvaginal sonography
to monitor changes in ovarian tumor microvascu-
lature.’®>” However, the contrast enhancement is
related to particle size, and micron-scaled particles
have shown better performance than nanoparticles,
which limits the usefulness of reducing the size of
such systems. Nevertheless, submicron polymeric
particles containing gas bubbles are of interest since
after IV administration they can accumulate in tumors
to a higher degree than microparticles (through the
EPR effect). Also, adding targeting ligands to these
smaller particles can negate some of the loss of
contrast.’®%0 Currently, new technological advance-
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TABLE 2: Summary of nanoparticle agents used for ovarian cancer imaging
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Imaging Nanoparticle Targeting Drug | Specimen Cell line Refs
modality
Optical Quantum dot CA125-antibody N Xenograft HO8910 71
Quantum dot EPR N Xenograft HEYAS 70
Quantum dot Her2-antibody N In vitro SKOV-3 72
Quantum dot MUCT -aptamer Y Xenograft A2780 73
Polymethacrylic acid Her2-antibody In vitro SKOV-3 184
(VIS)
Lipoprotein (NIR) Folic acid Xenograft — 185
PEG-PLA (NIR) EPR Xenograft A2780 68
PEG-lipid (NIR) EPR Xenograft SKOV-3 69
NaYF4Yb3/Er* — In vitro SKOV-3 186
@ SiO,
Magnetic Dendrimer Biotin Xenograft SHIN3 62
resonance Liposome Folic acid Xenograft | IGROV-1, OVCAR-3 63
Iron oxide Folic acid In vitro SKOV-3 64
Iron oxide/Gd EPR Xenograft SKOV-3 65
Photo acoustic Gold nanorods EPR Xenograft | 2008, HEY, SKOV-3 75
Ultrasound Liposome — In vivo N/A 56, 57
microbubbles

ments in ultrasound imaging, such as 3D and color
Doppler sonography, combined with microbubble
contrast appear promising for improved ovarian
cancer imaging and diagnostics,®! where nanoparticle
imaging agents may have a future role.

2. Magnetic Resonance Imaging (MRI)

MRI is a powerful, noninvasive in wvive imaging
technique with high resolution (10-100 pm) and
unlimited imaging depth. The MRI signal is based
on the relaxation of hydrogen nuclei (in water) after
being exposed to a pulsed radiofrequency signal.
Contrast in MRI can be T; weighted (differences in
the spin-lattice relaxation of tissues), or T, weighted
(difference in spin-spin relaxation). Contrast agents
are administered to influence the T; or T, relaxation
parameters and enhance the imaging quality. Numer-
ous nanoparticle constructs have been developed to
provide contrast enhancement where several have
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been applied to cancer imaging. Iron oxide (I10)
nanoparticles are frequently used for T, imaging,
whereas liposomes, micelles, dendrimers, and poly-
meric nanoparticles incorporating paramagnetic
species, such as Gd*, are common for T; imaging.

An early example of MRI nanoparticles for in
vive imaging of ovarian cancer xenografts is biotin-
conjugated dendrimers with Gd-chelates.®? In a
similar fashion, a folate-modified liposome containing
Gd*-DOTA has been demonstrated for targeted in
vivo imaging.®® Folic acid grafted to hyperbranched
polyglycerol has also been used to modify the surface
of iron oxide nanoparticles and has been demon-
strated for targeted T, imaging of SKOV-3 ovarian
cells using phantoms (in vitro).** Recently, a small
5 nm IO particle with embedded gadolinium and
a zwitterionic surface coating was demonstrated for
T, in vivo imaging of SKOV-3 xenografts. These
particles accumulated in tumors via the EPR effect
and had good contrast with a circulation half-life of
~50 min with renal clearance.® Nanoparticles with
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embedded gadolinium can possibly negate some of
the toxicity concerns associated with ion leeching
from standard chelates and may see clinical use in
the future. Another interesting development is the
combination of MRI and SPECT. Recently, an 10
nanoparticle with a dextran coating was used to
conjugate an "In-labeled mesothelin antibody for
targeted MRI/SPECT dual imaging of A431-K5 cell
xenografts.®® Considering the same cell receptor is
overexpressed in ovarian cancer cells, these or similar
particles could potentially be used for dual imaging
and diagnostics of ovarian tumors.

3. Optical Imaging (Ol)

Ol is gaining popularity for cancer iz vivo imaging
and, similar to ultrasound imaging, it is noninvasive,
comparatively inexpensive, and fast. OI also has supe-
rior lateral resolution (<1 mm), though ultraviolet-
visible wavelengths (250—-700 nm) have poor tissue
permeability and imaging is compromised by tissue
scattering and background noise. There are similar
issues associated with the near-infrared (NIR) win-
dow (700-900 nm); however, these wavelengths offer
improved in vivo imaging over the other “visible”
wavelengths with reduced scattering, deeper tissue
penetration, and limited autofluorescence. NIR fluo-
rescent probes for optical imaging should ideally have
alarge Stokes shift, high molar adsorption coefficient,
good quantum yield, and photostability. A host of
NIR dyes are available (or are being developed) for
tissue imaging and have been reviewed by Luo ez
al®” As can be expected, such NIR dyes have been
incorporated in a host of polymeric nanoparticles,
liposomes, dendrimers, etc. For example, a NIR dye
(DiR) was loaded into polyethylene glycol-polylactic
acid copolymer nanoparticles, and tumor accumu-
lation and biodistribution were evaluated on mice
xenografts of ovarian (A2780) and colon (HT29)
cell lines. In wivo imaging was possible up to 48 h
after injection with associated reticuloendothelial
system (RES) clearance with accumulation in liver
and spleen. They noted a higher tumor accumula-
tion and slower RES clearance of 111 nm particles
compared with 166 nm particles.®® In another study,
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PEGylated micelles encapsulating a NIR dye (ICG)
along with drugs (paclitaxel and tanespimycin) were
injected in mice with SKOV-3 ovarian xenografts.
These nanoparticles, accumulated in tumors via the
EPR effect, displayed improved therapeutic effect
over free drug and allowed imaging over 48 h.®
The emergence of inorganic semiconducting
nanoparticles, i.e., “quantum dots, QDs,” have great
potential for optical imaging where QDs have
improved optical qualities compared with most dyes
such as reduced photobleaching, broad excitation
range, narrow emission window, good quantum yield,
and large Stokes shifts. QDs are frequently used
in vitro and have been used for imaging of several
ovarian cancer cell lines.”>”? Quantum dots (with
emission at approximately 500 nm) have also been
conjugated with both a targeting aptamer (MUC1)
and doxorubicin for dual imaging and treatment
of A2780 ovarian cancer xenografts.”> One major
concern regarding in vivo use of QDs in general is
their stability and potential toxicity. Recent develop-
ments in quantum dot synthesis and their application
toward deep tissue imaging has focused on using less
toxic materials (see review by Cassette ez al.),”* which
may lead to breakthroughs using QDs for clinical in

vivo cancer imaging.

4. Photoacoustic (PA) Imaging

Another “optical” technique that is complementary
to US is photoacoustic (PA) imaging. In PA imag-
ing, local thermal heating using NIR light induces a
sound wave that is used to build an image. PA imag-
ing has good spatial resolution (up to 50-500 pm)
and reasonable tissue penetration (5 cm). Local
heating can be achieved by exiting endogenous
molecules such as hemoglobin or via administered
small molecules and nanomaterials. Gold nanorods,
for instance, can be optically stimulated with NIR
light to induce enhanced local heating effects and
provide contrast. In a recent paper, gold nanorods
were demonstrated for in vivo PA imaging of ovar-
ian cancer xenografts in mice. The authors found
that a nanorod aspect ratio of 3.5 was optimal for
in vive imaging, where maximum signal was seen
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3 h postinjection with signal enhancement eftects
for up to two days. The authors also demonstrated
surface enhanced Raman 7 vivo imaging with these
particles.” The combination of optical/photoacoustic
imaging with ultrasound imaging is interesting and
has the potential to make the translation into a
clinical setting with their complementary qualities
and similar acquisition modes.

lll. NANOTECHNOLOGY IN
THERAPEUTICS

A. Chemotherapeutics

'The unique physical and chemical properties of
nanoparticles have been exploited to enhance deliv-
ery of chemotherapeutics. Due to leaky vasculature
and enhanced uptake mechanisms of cancer cells,
nanoparticle formulations can take advantage of the
enhanced permeability and retention effect (EPR)
to accumulate in tumors without any specific tar-
geting (passive targeting).”® Compared to systemic
administration, nanoparticles with encapsulated che-
motherapeutics can facilitate increased dose delivery
to the tumor environment. Beyond the EPR effect,
decorating the particles with cancer cell-specific
ligands offers an additional route to deliver a high
drug dose in a targeted fashion. Importantly for the
patient, encapsulation and site-specific delivery can
reduce the toxicity profile of a number of therapeutics
already accepted for use in the clinic. The vast array
of different nanostructures and chemistries avail-
able enables design of functionalized particles that
incorporate diagnostic, imaging, and drug-delivery
properties, now termed “theranostics.” Below, we
describe the most common nanoparticle platforms
and provide examples of their use in ovarian cancer
therapeutics, focusing on systems moving toward
clinical translation (summarized in Table 3).

1. Liposomes

Early on, liposomal encapsulation was recognized to
effectively enhance solubility and plasma retention
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time for a number of compounds. Nanoliposomal
formulations ofter hope in increasing the biocom-
patibility, retention time, and accumulation of che-
motherapeutic agents. The quintessential example of
this is Doxil, a PEGylated liposomal doxorubicin
formulation that has been FDA approved for use in
recurrent and platinum-resistant cancers (see Fig. 1).

Doxil is now often used in combination therapy
with gemcitabine in platinum-resistant patients.
Nanoparticle encapsulation was shown to enhance
accumulation in patient tumors and increase plasma
half-life compared with free doxorubicin, with cir-
culating liposomes staying intact after several days
following administration.”” Phase II trials also dem-
onstrated a minimal toxicity profile of Doxil when
compared with studies of free doxorubicin.”® In phase
III clinical trials, use of Doxil showed comparable
benefit to the standard therapy of treatment popula-
tions with topotecan and gemcitabine for patients
with recurrent or refractory ovarian cancer.”?-82
Doxil displayed a progression-free and overall sur-
vival advantage in a subpopulation with platinum-
resistant cancers.”>® The CALYPSO trial further
demonstrated that use of Doxil in combination with
carboplatin does not appear to provide an advantage
over standard therapy of paclitaxel with carboplatin
in platinum-sensitive cancers. However, increases in
progression-free survival were observed in the Doxil/
carboplatin arm of the study in a subpopulation of

Methoxypolyethylene
Glycol Surface Coating

Liposomal Bilayer

Doxorubicin Hydrochloride
Encapsulated in Aqueous Core

FIG. 1: Schematic of PEGylated liposomal doxorubicin
(Doxil) structure. Doxorubicin (inset) loaded core within
a liposomal formulation protected by methyoxypolyeth-
ylene glycol.
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s1a.888 A caveat to the prolonged plasma half-life of
nanoencapsulated drug formulations is the potential
tor long-term side effects. Although the EPR effect
ensures that most of the nanoparticle will accumulate
in tumor tissue, once this dosage has been reached
there is a potential for the remaining drug in circu-
lation to enter other tissues. To decrease the chance
of these side effect, the CARL-trial (controlled
application and removal of liposomal chemothera-
peutics) investigated the use of double-filtration plas-
mapheresis for extracorporeal elimination of Doxil
from the circulation.”® 'The investigators were able
to successfully remove >60% of total plasma Doxil
(~45% of the initial drug dose) in intact liposomal
form, from plasma of ovarian cancer patients.
Since the successful implementation of Doxil in
the clinical setting, a variety of nanoformulations for
anticancer treatment have been investigated (Table 3).
A phase I clinical trial of liposomal topotecan is
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partially platinum-resistant patients.?3 The benefit
of Doxil combination therapy on platinum-resistant
cancers was further highlighted by a study that com-
pared Doxil and trabectedin to Doxil monotherapy,
with improved overall and progression-free survival
observed in both platinum-resistant and partially
resistant subpopulations.®*% Since Doxil has been
incorporated as a standard therapy for ovarian can-
cer, many current clinical trials are comparing novel
therapeutics to this agent.

Acute Doxil toxicity includes hair loss, nausea,
vomiting, diarrhea, constipation, tiredness, and orange
discoloration of sweat and urine, and in certain cases
severe skin irritations, such as erythrodysesthesia.
While the acute toxicity profile of Doxil appears to
be milder than that of free drug and other standard
therapies, there is some concern that prolonged
maintenance therapy may lead to cardiac problems,
such as hypertension, renal dysfunction, and neopla-

TABLE 3: Clinical trials for ovarian cancer using nanoformulations

Compound Formulation Active agent Status for ovarian Trial No., Refs.
Name cancer
Doxil PEGylated liposomal Doxorubicin FDA approved NCT00945139,
doxorubicin NCT00862355,
NCT00248248
- Liposomal topotecan Topotecan Phase 1 NCT00765973
OSI-211 Liposomal lurotecan Lurotecan Phase II NCT00010179
Abraxane, Nanoparticle bound Paclitaxel Phase 11 NCT00466986,
ABI-007 albumin paclitaxel Approved for breast, NCT00407563,
small cell and pancreatic | 96-98, 187
cancers
Xyotax Paclitaxel poliglumex Paclitaxel Phase 11 NCT00060359,
NCT00017017,
99, 101
Nanotax Nanoparticle suspension | Paclitaxel Phase I NCT00666991
NKTR-102 Etirinotecan pegol Topoisomerase I Phase 11 NCT00806156103,
inhibitor 104
CRLX101 Cyclodextrin-PEG Camptothecin Phase | NCT00333502,
Camptothecin NCT01652079,
105
ProLindac HPMA-oxaliplatin Oxaliplatin analogue Phase II 106, 107
(AP5346) analogue
AP5280 HPMA -carboplatinate Carboplatin analogue Phase I1 107, 108, 188
analogue
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ongoing for use in ovarian cancer (NCT00765973).
Topotecan, a topoisomerase I inhibitor indicated for
the treatment of recurrent ovarian metastatic carci-
noma, has been shown to have efficacy equivalent
to both paclitaxel and Doxil for relapsed ovarian
cancer.® The liposomal formulation seeks to protect
and selectively deliver topotecan to the tumor site
to improve efficacy. One modification for increased
nanoparticle uptake is the targeting of the liposome
to HER2. In vivo studies in breast cancer xenografts
indicate there is an increased uptake of targeted
liposomal topotecan over untargeted analogues or
free drug.”® PEGylation has also been considered
for use with liposomal topotecan. Unfortunately,
the increased retention for PEGylated liposomal
doxorubicin has not been observed with topotecan.”!
Rather, an unfavorable accelerated blood clearance
phenomenon is seen in rats.”?> An alternative treat-
ment to topotecan also in clinical trials for use in
recurrent ovarian cancer is a liposomal formulation
of lurtotecan, OSI-211 (NCT00010179). This liposo-
mal formulation had substantially different exposure
profiles than nonencapsulated compound, achieving
prolonged exposures clinically. Despite this increased
exposure, daily dosing of inhibitor was still needed
for optimal activity of the agent. While this had
tolerable side effects, the activity was not significant
in pretreated populations and the formulation has
not yet garnered approval.®?

2. Micelle-Like Structures and Polymer
Aggregates

These structures typically contain a more hydrophobic
component that helps solubilize/encapsulate thera-
peutic compounds, while a hydrophilic component
provides stability of the assembly in aqueous environ-
ments and offers conjugation sites for eventual target-
ing ligands. Alternatively, the drug can be conjugated
directly to a polymer backbone before assembly of the
nanostructure (where the drug also can induce the
assembly/aggregation). The line between associated
polymer chains in a nanoscale aggregate compared
with a solid-core polymeric nanoparticle with encap-
sulated drug is not always clear cut; however, most
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polymer systems used in clinical trials to date we
deem to belong to this category.

One exception would be nanoparticle bound
albumin paclitaxel (nab-paclitaxel or commercial
Abraxane), which has been approved by the FDA
for the treatment of metastatic breast cancer, small
cell lung cancer, and most recently pancreatic adeno-
carcinoma.’® Here, the albumin stabilizes ~130 nm
paclitaxel particles and has an advantage over the
current formulations of paclitaxel that involve syn-
thetic solvents for delivery, which require premedica-
tions and can cause hypersensitivity reactions.” The
first reported usage of Abraxane in ovarian cancer
occurred in 2006 to continue taxane treatment after
a paclitaxel-induced hypersensitivity reaction in
60-year-old patients. The solvent-free formulation
allowed for completion of three cycles of treatment
without incident.”® Since then, nab-paclitaxel has
undergone phase II clinical trials for both platinum-
sensitive and -resistant ovarian and peritoneal cancers.
Weekly infusion of Abraxane resulted in significant
clinical response and a progression-free survival of 4.5
months in a refractory-dominated platinum-resistant
population.”” In the platinum-sensitive population,
there was a higher overall response rate of 64%. Both
studies indicated noteworthy activity and tolerable
toxicities, calling for further phase III studies.”®

Another solvent-free nanoformulation is paclitaxel
poliglumex (Xyotax), which is a linear poly-L-glutamic
acid-paclitaxel conjugate. The biodegradable polymer
is conjugated via an ester linkage to the paclitaxel car-
boxylic acid side chains, resulting in a 37% by weight
drug compound that can degrade into L-glutamic
acid and enter normal cellular metabolism. In animal
studies, this proved to be more effective than free
drug and had limited systemic exposure. Phase I and
IT clinical studies show an encouraging therapeutic
efficiency without the need for premedications.”” A
phase II clinical trial for recurrent EOC indicated a
modest activity level for Xyotax when administered
every 21 days as a second- or third-line therapy, but
it may have more applicability as a maintenance che-
motherapeutic.!° When delivered every three weeks
in conjunction with carboplatin, Xyotax was shown
to be feasible as a first-line therapy. Multiple cycles
of therapy were tolerable, with a decrease in alopecia,
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shorter infusion times, and less hypersensitivity than
paclitaxel combination therapy.!® Nanotax, a pro-
prietary nanoparticle suspension of paclitaxel, is also
currently undergoing phase I trials (NCT00666991)
for use in ovarian cancer.

A polymer conjugate that is a possible prodrug
for platinum-resistant ovarian cancer is etirinotecan
pegol (NKTR-102, Nektar). Here, the topoisomer-
ase I inhibitor irinotecan is bound to a proprietary
PEG nanoparticle via a biodegradable linker. This
formulation is inactive until broken down via cel-
lular mechanisms, releasing the active inhibitor. In a
mouse model, it was shown to have superior activity
than free irinotecan.’® Phase I clinical studies in a
small cohort showed antitumor activity in heavily
pretreated patients.!® This system was highly active
in phase II trials against platinum-resistant ovar-
ian cancer, administered every three to four weeks,
resulting in 5.4 months progression-free survival and
continuing on to phase III studies for both ovarian
and breast cancer.1® Another topoisomerase inhibitor
that benefits from nanoformulation is camptothecin,
which has been incorporated into a cyclodextrin-PEG
nanoparticle (see scheme in Fig. 2).This nanocomplex
demonstrated superior therapeutic efficiency to free
irinotecan by facilitating retention and sustaining an
active supply of inhibitor at the tumor target. Phase
I trials showed improved tolerability and efficacy
versus free camptothecin.!®

HPMA (N-(2-hydroxypropyl)methacrylamide)
is similar to PEG, a well-established biocompat-
ible polymer used as a platform for drug delivery.

Camptothecin (CPT)
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Clinical trials of two different carboplatin mimet-
ics, an oxaliplatin analogue (ProLindac, AP5346)
and a carboplatinate analogue (AP5280), bound
to HPMA via an acid-sensitive linker have been
initiated. ProLindac had excellent preclinical results
and was more effective than cisplatin, with a 16-fold
higher platinum accumulation in the tumor than
oxaliplatin. Phase I studies showed excellent tol-
erability but did not exhibit a marked increase in
efficiency over oxaliplatin.’® In phase II trials for
single-agent efficacy, two thirds of late-stage heavily
pretreated ovarian cancer patients exhibited disease
stabilization, opening avenues for further combination
clinical studies. The AP5280 HPMA carboplatinate
analogue has also undergone phase I and II trials,
showing favorable toxicities.107:108

3. Nanoparticle Systems in Preclinical
Development

Above, we have focused on the current efforts for
translational applications of nanoparticles for ovarian
cancer therapy. Notably, these are primarily consist-
ing of liposomal or polymer-aggregate/micelle-based
structures and are non-targeting. Below, we provide
examples of nanoparticle systems and therapeutics
in the preclinical stage, which may be of benefit for
future ovarian cancer therapeutics. This includes the
use of targeted nanoparticles to improve tumor speci-
ficity and drug accumulation. Our intention is not
to discuss in detail all preclinical chemotherapeutic

—{Linker

Polymer Nanoparticles

FIG. 2: Schematic diagram of CRLX101, a nanopharmaceutical comprised of camptothecin conjugated to a linear,
cyclodextrin-poly(ethylene glycol) (CD-PEG) copolymer and formulated into nanoparticles. Reprinted from Ref.

105. Copyright 2011, with permission from Elsevier.
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nanoformulations that have been demonstrated, but
rather we choose to highlight some representative
examples. Table 4 provides a broader summary of vari-
ous preclinical targeted and non-targeted nanopar-
ticle systems demonstrated on ovarian cancer cells.

a. Non-Targeted Nanoparticles

Polymeric nanostructures can be designed to provide
additional control of drug release at the tumor site
due to changes in the intracellular microenvironment,
including pH and enzyme activity. In a recent study, a
triblock ethylene glycol-glutamic acid-phenylalanine
assembled to form a hydrophobic core covered in
a cross-linked shell and protective PEG corona.
These micelles were coloaded with both cisplatin
and paclitaxel, which have a synergistic cytotoxic-
ity. In the presence of proteolytic enzymes such as
cathepsin B, the polymer degrades and releases both
drugs. In an in vive xenograft of multidrug-resistant
ovarian cancer tumors, this combination therapy
excelled compared to co-administration of free drugs
or micelles containing only one therapeutic agent.1%

Another example of a biodegradable copolymer
micelle, not yet in clinical trials, has been designed
for IP sustained release of doxorubicin to stabilize
chemotherapeutics and improve pharmacokinetics.
'This novel nanoparticle release system is composed
of 30 nm micelles, formed from a poly(ethylene
glycol)—poly(e-caprolactone)—poly(ethylene glycol)
copolymer that aggregates at physiological tempera-
tures to form a nonflowing gel. This encapsulation
significantly improved antitumor effects and dem-
onstrated anti-adhesion effects, preventing rapid
absorption that can cause harmful postsurgical
adhesions and reduce the duration of drug exposure.
A gradual degradation of the gel then allows for
sustained drug release followed by complete clearance
from the cavity.!?® A similar micelle platform for IP
delivery utilized the simultaneous loading of paclitaxel
along with two different inhibitors, cylopamine and
gossypol. This three-pronged therapeutic approach
dramatically reduced tumor volumes, inhibiting
growth and prolonging survival after IP injection
in a mouse xenograft.!!
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Traditional dendrimers, such as polyamidoamine
(PAMAM) (Fig. 3), have shown promise as delivery
systems of pharmaceutical compounds. For instance,
the drug cisplatin was loaded into PAMAM den-
drimers of varying size diameters ranging from 2.7
to 5.9 nm, depending on generation. Loading effi-
ciencies and cisplatin concentrations could be tuned
accordingly and showed activity comparable to free
cisplatin when tested in an iz vivo murine model.
'The dendrimeric loading also exhibited a lower toxic-
ity, subsequently increasing the maximum tolerated
dose, which resulted in improved tumor reduction.'?
Controlled release from PAMAM dendrimers has
been investigated for a variety of cancers, using
pH-sensitive linkers, steric hindrance, and differ-
ent linking chemistries to control drug release to a
desired environment.!3-15 An amphiphilic dendritic
copolymer telodendrimer for ovarian cancer therapy
has been pioneered by the Lam group from the Uni-
versity of California Davis Cancer Center. This system
utilizes a dendritic composition of PEG, cholic acid,
and lysine to form a drug-loaded core/shell structure
with a high loading capacity for aqueous paclitaxel.
While this formulation exhibited similar antitumor
activity to the clinical Taxol and nanoformulation
Abraxane in vitro, it had preferential tumor uptake
and deep tissue penetration in a mouse model. This
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FIG. 3: Example of a second-generation PAMAM den-
drimer structure
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TABLE 4: Examples of preclinical studies of chemotherapy-loaded nanoparticle systems for ovarian cancer

treatment
Composition Targeting moiety Target Active agent Status | Refs.
Biodegradable micelle — — Doxorubicin Xenograft | 110
PEG-glutamic acid- — — Cisplatin, Xenograft | 109
phenylalanine micelle paclitaxel
PEG- poly(epsilon- — — Paclitaxel, Xenograft | 111
caprolactone) micelle cylopamine,
gossypol
PEG-cholic acid-lysine — — Paclitaxel In vitro, 116,
Telodendrimer xenograft | 117
PAMAM dendrimer — — Cisplatin Xenograft | 112
PLGA Conjugate — — Docetaxel Xenograft | 189
PLGA Conjugate — — Curcumin In vitro 190
HPMA Conjugate — — Gemcitabine, In vitro 191
Paclitaxel
MPEG-PCL micelle — — Quercetin In vitro 192
Nanogel — — Paclitaxel Xenograft | 193
Polymeric nanoparticle — — Paclitaxel, Xenograft | 118
C-6 Ceramide
Cholesterol nanoparticle — — Platinum (II) Xenograft | 194
complex
Iron oxide nanoparticle Magnetic — Cisplatin In vitro 119
PEG-PE micelle Monoclonal antibody | Nucleosome Doxorubicin In vitro 195
Quantum dot Aptamer Mucin 1 Doxorubicin Xenograft | 73
PLGA-lecithin-PEG Folate Folate binding protein | Paclitaxel Xenograft | 196
nanoparticle
Liposome Folate Folate binding protein | Carboplatin Xenograft | 197
Nanogel Folate Folate binding pro Paclitaxel, Xenograft | 122
cisplatin
Poly(L-histidine) micelle Folate Folate Binding Doxorubicin Xenograft | 125,
Protein 126,
198
Nanogel LHRH LHRH receptor Paclitaxel, Xenograft | 123
cisplatin
Liposome LHRHa LHRH receptor Docetaxel Xenograft | 120
PLA nanoparticle Peptide Follicle-stimulating Paclitaxel Xenograft | 199,
hormone receptor 200
Polyacrylamide Peptide (F3) Nucleolin protein Cisplatin Xenograft | 201
PEG micelle Peptide (OA02) Integrin (0-3) Paclitaxel Xenograft | 121
Liposome Peptide (RGD) Integrin Paclitaxel Xenograft | 202
PLA nanoparticle Peptide HER-2 Paclitaxel In vitro, | 203—
xenograft | 205
mPEG-PLGA-PLL nanoparticle | EGF EGFR Cisplatin Xenograft | 206
Liposome Transferrin T{R Cisplatin In vitro 207
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resulted in superior antitumor effects compared to
the FDA-approved complexes.!’® A radiolabeled
biodistribution confirmed this preferential uptake
at the tumor site as well as slower pharmacokinetics
than Taxol, thus establishing it as a promising carrier
to move forward into clinical testing.!”

While not used in clinical trials against ovarian
cancer per se, an interesting polymeric nanoparticle
system was demonstrated to effectively reduced
tumor burden in xenografts through controlled
release of coloaded paclitaxel and ceramide. The
particle design separated the two drug components
by encapsulating paclitaxel in a pH-responsive
poly(beta-amino ester), which was internalized
into slow-releasing PLGA [poly(d,l-lactice-co-

glycolide)] containing ceramide.!!®

b. Targeted Nanoparticles

Naturally, many of the nanoparticle systems in
clinical trials are destined to be developed further to
incorporate active targeting. In ovarian cancer, highly
expressed cell-surface proteins include the folate
receptor, EGF receptor (EGFR, HER?2), luteinizing
hormone receptor, claudins, mucins, and integrins.
While the most popular strategies include targeting
of these by peptides and antibodies, we make a note
that novel magnetic targeting is also on the hori-
zon for tumor localization. For example, iron oxide
nanoparticles loaded with cisplatin were magnetically
localized to ovarian cancer cell lines iz vitro, resulting
in a 110-fold increase in cytotoxicity.!* The major
obstacle to practical clinical implementation of this
technique, however, is controlling a magnetic field
strong and sharp enough for targeting in tissue.
Several in vivo xenograft studies reveal promising
results using targeted liposomal formulations for ovar-
ian cancer. Docetaxel-loaded cholesterol liposomes
were targeted using a lutenizing hormone-releasing
hormone analogue, LHRHa. Within 60 min of
administration, the targeted liposome accumulated
nine times more docetaxel at the ovarian tumor
compared with the free compound and significantly
decreased unwanted accumulation in the liver and
spleen.’? Another targeting moiety explored for
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micelle carriers is the “OA02” peptide, having a high
affinity for the a-3 integrin receptor overexpressed
on tumor cell surfaces. This ligand improved local-
ization and intracellular uptake of PEG micelles.
When loaded with paclitaxel, the complex exhibited
a greater antitumor efficacy in vivo versus the clinical
formulation Taxol and the untargeted PEG complex,
demonstrating the value of targeting. This not only
offers hope clinically for efficacy, but its decreased
systemic toxicity might relieve some of the negative
chemotherapeutic symptoms.!2!

A folate-targeted nanogel, utilizing a cross-
linked diblock copolymer, was designed by Nuko-
lova et al. for ovarian cancer therapy. This complex,
loaded with cisplatin or doxorubicin, demonstrated
tumor-specific delivery and impressive antitumor
activity in a murine ovarian cancer model.'?? This
group achieved similarly promising results targeting
a cisplatin-loaded nanogel to lutenizing hormone-
releasing hormone. This marker is overexpressed, not
only in ovarian but also breast and prostate cancers,
opening the door for use in multiple cancer types.'?3
In nanogel synthesis schemes, the 3D bulk material
is first engineered, followed by the introduction of
the therapeutic agent. This limited manipulation of
the drug helps maintain pharmaceutical integrity.

Another example where folate is used as a target-
ing ligand is for doxorubicin-loaded poly(L-histidine)
micelles. This system was designed for controlled
release in acidic pH, and untargeted micelles increased
the plasma half-life by five times to that of free
doxorubicin. The micelles preferentially accumulated
at the tumor site in an 7 vivo mouse xenograft of
human ovarian carcinoma A2780, which led to a high
dose of drug in the solid tumor and high treatment
efficacy.’* The same group later designed a similar
micelle, modified with folate allowing for receptor-
mediated endocytosis and improved drug uptake.
In mice, these targeted mixed micelles inhibited the
growth of multidrug-resistant tumors with minimal
weight loss to the animal.!?* Tuning the pH sensitivity
to the early endosomal pH range of 6.0 provided for
an even higher activity, suppressing tumor growth
in mice for at least 50 days.?
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B. Novel Therapies

As described above, encapsulation and targeting of
chemotherapy agents can significantly improve the
response of tumors to chemotherapeutics. These
nanotechnology-based therapeutic strategies still
largely depend on delivering agents that are con-
sidered standard therapy for ovarian cancer. This is
a natural progression, since it improves the efficacy
of drugs that have already been FDA approved for
use in ovarian cancer. However, following several
treatment courses, patients often develop chemoresis-
tance to these agents, which is particularly prevalent
with platinum-based therapies. Below, we describe
nanotechnology-based therapeutic strategies that
may provide valid alternatives to chemotherapeutics
in the treatment of ovarian cancer.

1. Photodynamic Therapy (PDT)

PDT is a treatment modality involving the interaction
of light, a photosensitizer (PS), and tissue oxygen to
generate cytotoxic reactive oxygen species that cause
cell necrosis and/or apoptosis. It is a two-step process
that requires administration of the photosensitizer,
usually by injection, where after 6 to 24 h the tumor
site is illuminated with light to activate accumulated
PS.*?7 In the United States, PD'T was first approved
by the FDA in 1995 for the treatment of esophageal
cancer using Photofrin (a porphyrin-based PS).1?8
Since then, clinical use of PDT has been expanded
to several cancer types and other PS compounds.'?’
Some of the advantages of PDT include the fol-
lowing: it has the low toxicities of photosensitizing
compounds compared with chemotherapy drugs, it is
a minimally invasive technique, it uses non-ionizing
radiation at relatively low energy doses, and it offers
localized treatment (i.e., where light is administered).
The mild conditions enable PDT to be used for
repeated treatments with reduced risk of side effects
and damaging of nearby tissue. Challenges associated
with PDT include tissue penetration; thus, similar to
optical imaging, photosensitizers activated by red or
NIR wavelengths are preferred to improve the efficacy.
Nonetheless, the delivery of light to deeper-laying
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tissue has prevented widespread use. Light administra-
tion using catheters and fiber optics offers a possible
solution where innovations such as radial emitting
fiber optics may play a role.’®® Even though PSs tend
to have less systemic toxicity than chemotherapeutics,
one challenge is their inherent lack of tissue specificity.
Photofrin, for example, has been shown to accumulate
preferentially in tumors, yet it has a very low clearance
rate, resulting in accumulation in other tissues, which
can lead to photosensitivity. Patients treated with Pho-
tofrin must avoid direct sunlight for up to six weeks
after treatment since residual photosensitizer found
in skin and eye tissue can become photoactivated and
generate unwanted cytotoxicity in healthy tissues.!3!
Also, many potential PS agents are hydrophobic and
significant effort has been placed into the develop-
ment of suitable nanoparticle delivery vehicles for
PDT. See the review by Master ez al. for examples of
photodynamic therapy using nanoparticles.!3?

Although PDT has mainly been used for easy
accessible tumors, the interest of nanoparticle-
mediated PDT for ovarian cancers is gaining traction.
An early demonstration was the use of hypericin-
loaded polylactic-acid nanoparticles to demonstrate
photodynamic treatment of ovarian cancer cells i
vitro.13 This was later followed up by an in vivo
study using the particles in an epithelial ovarian
cancer cell line (NuTu-19) in rats with improved
accumulation in micrometastases compared with
free drug.’** More recently, a magnetically targeted
PEG nanoformulation of a chlorine PS (Ce6) has
been demonstrated to have therapeutic efficiency for
ovarian cancer in a murine model.!* The increase in
penetration depth using NIR light and efficient PS
agents, such as Ce6, may have potential for ovar-
ian cancer treatment, considering one challenge to
PDT is successful irradiation within the IP cavity. A
demonstration of NIR in combination with upcon-
verting nanoparticles, co-administered with Ce6,
was demonstrated in a breast cancer mouse model
and showed increased tissue penetration with good
clearance without noticeable toxicity.13

Targeted novel nanoparticles for PDT are also
being developed. For example, virus capsid encapsu-
lating a porphyrin PS, and surface modified with a
nucleolin-targeting aptamer has been demonstrated to
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specifically target breast cancer cells in vitro.'” Since

the nucleolin receptor is overexpressed in many ovarian
cancer cell lines, similar targeting systems can be envi-
sioned. Nanoparticles may be used not only as carriers
for photosensitive agents, but also as agents themselves.
Functionalized fullerene, a carbon nanocage, has the
ability to generate reactive oxygen species on illumina-
tion by visible light. Such particles were demonstrated
tfor IP PDT using a colon adenocarcinoma mouse
model.1 Fullerenes have also shown efficacy as PS by
both intravenous injection and local exposure against
fibrosarcoma and bacterial infection.13140

Although PDT has to date mainly been used
for melanoma and other cancers that are easily
accessible to irradiate by light, the development of
targeted nanoparticle delivery systems and improved
photosensitizers and light administration techniques
provide opportunities for PDT in ovarian cancer
therapy in the future.

2. Gene Therapy

Small-molecule therapy has its limitations largely
due to nonspecific side effects and associated toxicity.
With increasing knowledge of tumor-specific gene
expression signatures, there is a push to specifically
target single proteins, with the hope of altering can-
cer signaling pathways in a more controlled manner.
Specifically, delivering vectors for targeted expres-
sion of tumor suppressors or silencing expression of
oncogenes by RNA interference (RNAi) are avenues
that many investigators are pursuing for potential
anticancer therapy. There are many caveats associated
with direct systemic administration of genetic material.
For example, in the case of small interfering (siRNA),
free oligonucleotides are very unstable, easily degraded,
unable to enter the cell efficiently, and may be associ-
ated with toxic and immune-stimulatory side effects.!*!
Vector-based delivery of genetic material is associated
with similar caveats, which have been partly addressed
by the development of adenoviral gene delivery. The
use of nanoparticle systems for oligonucleotide and
plasmid delivery has proven to be an effective and
potentially superior alternative. A number of differ-
ent chemistries and structures have been explored for
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this purpose. As with drug delivery, these are chosen
largely based on biocompatibility, and are charge
modified (cationic) to enable effective nucleotide bind-
ing.14%71% Similar to targeted nanoparticle approaches
for chemotherapeutic delivery, many gene delivery
techniques are utilizing functionalized nanoparticles
to specifically reach ovarian tumor cells.* There has
been a push toward clinical translation and a number
of nanoparticle systems are currently being developed

for delivery of plasmids and siRNA, with toxicity and

bioavailability studies being carried out in clinical trials.

a. Expression Vector Delivery of Tumor
Suppressors

A major focus of DNA plasmid delivery to cancer cells
is the forced expression of tumor suppressor genes (see
summary in Table 5). Given the high frequency of
TP53 mutations observed in a number of cancers, this
tumor repressor gene is one of the major targets for
nanoparticle-based gene delivery currently proceeding
into clinical trials. Of note is a recent phase I clinical
trial on “SGT-53,” which is an antitransferrin receptor
scFV antibody conjugated to liposomal nanocarriers
tor TP53 gene delivery. This study showed encourag-
ing results, demonstrating stabilization of the disease
in patients with advanced solid tumors of different
origin and a minimal toxicity profile.’¢ Since TP53
mutations are observed in almost 100% of high-grade
serous ovarian cancers, targeting this molecular pathway
by gene therapy approaches may prove beneficial in
this population. This was first investigated in clinical
trials in the late 1990s using adenoviral delivery of the
TP53 gene (Ad-p53). Unfortunately, adenoviral-based
gene therapy offered little benefit to patients and this
tailure was in part attributed to the fact that the virus
was recognized by patient antibodies and was unable to
efficiently reach the tumors.'*” Utilizing a nanoparticle
formulation for TP53 gene delivery may provide more
advantageous outcomes. However, thus far no clinical
trials are underway to test SGT-53 on high-grade
serous ovarian cancer. Few clinical trials have specifically
focused on nanoparticle delivery of genetic material
for ovarian cancer. In the early 2000s, IP delivery of
liposomal human adenovirus type 5 early region 1A
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TABLE 5: Examples of nanoparticle-based gene therapy approaches for ovarian cancer

Gene target Tumor NP composition Target Refs
suppressors
Human adenovirus Plasmid vector liposome — Phase I and 1II:
type 5 early region 1A NCT00102622,
(E1A) 148, 208
Irial drug: . Plasmid vector PEG-PEI-cholesterol — Phase I:
tgDCC-El Lipopolymer NCT01489371
Phase I:
NCT00473954
Phase II:
NCTO01118052, 149
HSulf-1 Plasmid vector Heparin-polyethyleneimine | — Xenograft, 150
nanogels
FILIP1L Plasmid vector Heparin-polyethyleneimine | — Xenograft, 151
nanogels
Diphtheria toxin Plasmid vector (ovarian | Poly(p-amino ester) — Xenograft, 209
specific HE4 and polymer-DNA complex
MSLN promoters)
Oncogenes
HIFla siRNA Liposome — Xenograft, 210
PARP1 siRNA Liposome — Xenograft, 157
Src siRNA Chitosan — Xenograft, 154
Claudin-3 Codelivery of both PLGA nanoparticles — Xenograft, 155
shRNA plasmid vectors
CD44 and FAK Codelivery of both PLGA nanoparticles — Xenograft, 156
shRNA plasmid vectors
EphA2 siRNA Mesoporous silicon loaded | — Xenograft, 159, 164
Trial Drug: “siRNA- with DOPC liposomes Phase I:
EphA2-DOPC” NCT01591356
EphA2 siRNA with codelivery | mesoporous silicon loaded | — Xenograft, 158
miR-520d-3p of miRNA with DOPC liposomes
(targets EphB2)
Jaggedl siRNA — Xenograft, 169
EGFR siRNA EphA2 Cell lines, 165
STAT3 and FAK siRNA HDL nanoparticles SR-B1 Xenograft, 166
1D4 siRNA Peptide nanocomplex Neuropilin-1 | Xenograft, 150
PLXDCI1 siRNA Chitosan Integrin Xenograft, 168
— Non-targeting siRNA Polyethylenimine TLRS Xenograft, 170, 171
nanoparticles

(E1A), which downregulates HER2, was studied in
phase I and II trials in combination treatment with IV
administered paclitaxel on platinum-resistant ovarian
cancer patients, with a low reported toxicity profile.

However, long-term follow-up of this study has not been
reported.*8 A recently published phase I clinical study
utilized a PEG-poly(ethylene imine) (PEI)-cholesterol

lipopolymer for IP delivery of a plasmid encoding for
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interleukin 12 (IL-12; “EGEN-001"), with the intent of
eliciting a localized immune response against the tumor
in ovarian cancer patients cotreated with IV carboplatin.
All patients displayed tolerable abdominal toxicity to
the plasmid and responded favorably with enhanced
interferon-y and tumor necrosis factor-a production,
two cytokines that are stimulated by interleukin-12.14
Patients with persistent or recurrent ovarian cancer are
currently being recruited for phase II clinical trials for
treatment with IP EGEN-001 (NCT01118052) or in
combination with IP Doxil (NCT01489371).

In a number of preclinical studies, nanoparticles
have been utilized to deliver expression vectors
of tumor suppressor genes with hope of eliciting
antitumor activity following successful uptake and
expression by ovarian cancer cells. Examples include
heparin-polyethyleneimine nanogels delivering
DNA plasmid for expression of heparin sulfate
6-O-endosulfatase 1 (HSulf-1)"*" and filamin A
interacting protein 1-like (FILIP1L).1* Expression
of these proteins is often downregulated in ovar-
ian cancer. IP injection of nanoparticle-containing
expression plasmids for these genes effectively reduced
ovarian cancer xenografts in nude mice, inducing
significant apoptosis, decreasing proliferation and
halting angiogenesis in the tumors. The effect of
inducing HSulf-1 expression was further enhanced
by cotreatment with cisplatin.!®

b. Inhibition of Oncogenes by RNAI

Nanoparticle formulations have proved to be effec-
tive methods to deliver small interfering (siRNA)
or short hairpin RNA (shRNA) to cancer cells with
the aim of silencing gene expression of oncogenes.
The first clinical trial on nanoparticle-based siRNA
delivery was published in 2010, showing effective
knockdown of the M2 subunit of ribonucleotide
reductase (RRM2) in melanoma patient tumors
following IV administration [RNAi/oligonucle-
otide nanoparticle delivery (RONDEL)].'5? This
PEGylated cyclodextrin-based polymer nanoparticle
formulation (Cyclosert) incorporates transferrin
protein to target the transferrin receptor. This trial
revealed that siRNA could effectively be targeted to
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tumor tissue and affect RRM2 expression. Similarly,
liposomal nanocarriers incorporating siRNA toward
VEGF and kinesin spindle protein (ALN-VSP)
showed promising results in a phase II trial with
high tumor targeting, as assessed by protein expres-
sion knockdown, low toxicity profiles, and reports
of regression of liver metastases in patients with
endometrial cancer.!®

Although no specific RNAi nanoparticle delivery
strategies are currently in clinical trials for ovarian
cancer, several promising preclinical studies make
the case for developing nanoparticle formulations for
RNAi-based therapy in ovarian cancer. A list of exam-
ple studies is shown in Table 5; nanoparticle RNAi
delivery has resulted in effective gene knockdown of
HIF1la, PARP1, Claudin-3, Src, CD44, and focal
adhesion kinase, resulting in significant decreases in
tumor burden in ovarian cancer xenograft models.1>+157

Several studies from MD Anderson Cancer
Center have focused on the tyrosine kinase ephrin
receptor EphA2,158159 which is observed to be highly
expressed in ovarian cancer and associated with
increased angiogenesis and metastatic invasion.!60-162
Nanoparticle-mediated siRNA delivery to knock
down EphA2 expression showed significant reduc-
tion in iz vive tumor burden in mice ovarian cancer
xenografts. 198159163 One example is the use of meso-
porous silicon particles loaded with EphA2 siRNA-
containing dioleoyl phosphatidylcholine (DOPC)
liposomes.*'This formulation allows for slow release
of the liposomal compartment from the silicon
particle and enable sustained delivery of the siRNA
liposome into cells, leading to prolonged knockdown
of EphA2. This knockdown also enhanced tumor
sensitivity to docetaxel in chemotherapy-resistant
HeyAS8 ovarian tumors, and prevented tumor growth
in animals treated with both siRNA-nanoparticle and
docetaxel.’®” A phase I study is due to be initiated
at MD Anderson Cancer Center to test the safety
of this nanoparticle formulation via the IV route on
patients with advanced, recurrent cancers, includ-
ing ovarian cancer (NCT01591356). Recently, the
same group reported improved antitumor efficacy
in xenografts when the microRNA miR-520d-3p
was codelivered with EphA2 siRNA in the DOPC

liposomes/mesoporous silicon nanoparticles. miR-
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520d-3p expression is associated with favorable
outcome in ovarian cancer patients and its target is
another ephrin receptor, EphB2.1°8

To improve ovarian cancer cell targeting, Dicker-
son ez al. developed an EGFR siRNA loaded hydrogel
nanoparticle, functionalized with a peptide that binds
EphA2 receptor. The hydrogel particles efficiently
decreased EGFR expression and enhanced sensitivity
to doxetacel in EpHA2-positive cell lines.'®> Even
though EGFR targeting by small molecules has not
shown any benefit for ovarian cancer in clinical trials,
functionalizing nanoparticles with EphA2-specific
peptides may enhance nanoparticle localization to
ovarian cancer cells and improve the modulation of
EGF signaling. In a similar approach, Shahzad ez a/.
took advantage of the high expression of the scavenger
receptor type B1 (SR-B1) on tumor cells, which binds
high-density lipoprotein to maintain rapid growth.
Encapsulating siRNA against protumorigenic genes
STATS3 (signal transducer and activator of transcrip-
tion 3) and focal adhesion kinase in reconstituted
high-density lipoprotein nanoparticles, the investiga-
tors found enhanced tumor targeting and silencing
of protein expression in orthotopic mouse models
of ovarian and colon cancer.1®

Recently, Ren ez a/. identified the transcriptional
regulator ID4 (inhibitor of DNA binding 4) as an
important regulator of ovarian cancer proliferation.!>
To decrease expression of I1D4, the investigators
electrostatically bound siRNA against ID4 using a
tandem peptide sequence. The peptide incorporates
an arginine domain for siRNA binding and the
cyclic nanopeptide LyP-1 (CGNKRTRGC) as the
tumor-penetrating domain. This approach is based
on the iRGD peptide that has been demonstrated
to enhance vascular penetration and specifically tar-
get tumors in a neuropilin-1 dependent manner.1®’
IV injections of the ID4siRNA nanocomplex were
highly effective at decreasing subcutaneous tumor
xenografts, and IP treatment was able to abolish
tumor growth in an orthotopic xenograft model of
ovarian cancer.’® Similarly, arginylglycylaspartic acid
(RGD) peptide linkages in combination with chitosan
nanoparticles have been used to target integrin recep-
tors to specifically deliver siRNA against multiple
genes important in ovarian cancer proliferation and
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shown to decrease tumor growth in ovarian cancer
mouse xenograft models.!¢8

Nanoparticle-based gene therapy has also been
exploited to influence the tumor microenvironment.
For instance, chitosan was used to deliver siRNA
against the Notch ligand Jagged1, expression of which
is increased in some ovarian tumor cells and in the
tumor microenvironment. Investigators showed that
IV-administered chitosan nanoparticles were able
to downregulate both human tumor cell-derived
and murine stromal-derived Jaggedl expression,
effectively decreasing proliferation of the xenografts
and tumor microenvironment—derived angiogenesis,
respectively.'” Similarly, Cubillos-Ruiz ez a/. took
advantage of the preferential uptake of polyethylen-
imine-based (PEI-based) nanoparticles by dendritic
cells in the tumor microenvironment. The particles
were loaded with nontargeting siRNA sequences that
elicited an immune response via toll-like receptor
5, effectively stimulating immune system-mediated
clearance of ovarian cancer xenografts in vivo.17017!

Most nanoparticle gene/RNAI delivery strategies
developed for therapy are only just moving through
phase I and II clinical trials, and their validity as
novel therapeutic strategies against ovarian cancer
are eagerly anticipated as these trials mature. The
moderate toxicity profile and the high efficacy in
preclinical animal studies are very encouraging. The
infinite flexibility of nanoparticle chemistries will
allow for further enhancement of particle designs,
such as functionalization and combining coloading
of siRNA/plasmid DNA with chemotherapeutic

agents to enhance targeted killing of tumor cells.

IV. EMERGING THERAPIES AND FUTURE
DIRECTIONS

Throughout this review we have mentioned drug
administration to the IP cavity and would like to
discuss this strategy in more detail. The relatively
confined anatomical localization of ovarian cancer
and its metastatic lesions within the IP cavity make
this route attractive for delivery of therapeutics in a
localized confined manner. Clinicians have admin-
istered standard chemotherapies directly via the IP
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route for decades and demonstrated a therapeutic
benefit.?82° However, it is still debated whether or not
IP therapy significantly reduces systemic side effects
compared with the IV route, since patients can still
exhibit systemic toxicity on IP administration. This
is likely due to the leakiness in vasculature observed
in higher-stage cancers, which is also associated with
significant ascites fluid build-up within the abdo-
men. However, nanoparticle delivery techniques may
improve the toxicity profile via the IP route. Early
studies on IP delivery of Doxil showed promising
results and a decreased systemic toxicity profile.!”?
'The intrinsic nature of nanoparticles to preferentially
localize in tumor tissues and cells within the tumor
microenvironment may help decrease systemic toxic-
ity following IP administration. A recent proof of
concept study has argued for direct IP administra-
tion of nanoparticle-encapsulated chemotherapies
(paclitaxel-loaded expansile nanoparticles) at the time
of cytoreductive surgery, and has shown improved
outcome in ovarian cancer xenograft studies.'’”> IP
administration may also be advantageous for effective
folate receptor targeting to ovarian cancer in vivo,
since a recent report suggests that IV administra-
tion of folate-conjugated polycationic amphiphilic
cyclodextrin-DNA nanocomplexes accumulate in
lung and liver rather than in the targeted tissue.!”
A combination of IP administration and targeting
of nanoparticles by functionalization with antibodies,
peptides, and aptamers to tumor-specific proteins
may aid in decreasing systemic side effects and
enhance the payload of delivered chemotherapeutic
(or alternate therapy) to the tumors. Researchers
developing nanoparticle formulations for ovarian
cancer therapeutics are increasingly taking the IP
delivery route into consideration.

Beyond their use as drug carriers and imaging
agents, an interesting prospect for nanomaterials in
cancer therapy is their role as a “drug” themselves.
One example is nanocrystalline cerium oxide particles
(nanoceria), which can change between oxidation
states I1I and IV depending on environment, and have
been compared with biological antioxidants.7417
Nanoceria particles were recently administrated
IP in a ovarian cancer model and shown to reduce
angiogenesis at doses as low as 0.1 mg/kg.'”¢ The
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therapeutic effect behind the nanoceria was not made
clear, but the particles inhibited VEGF-induced
proliferation, capillary tube formation, and matrix
metalloproteinase-2 (MMP2) activation. The authors
hinted that nanoceria could be involved in modulation
of VEGF-mediated, redox-sensitive signaling events.
High doses of nanoceria have been administered
without noticeable toxicity (up to 250 mg/kg), which
make these nanoparticle alternatives to potentially
toxic, small-molecule antiangiogenic agents.!7’-17
Other examples include iron oxide nanoparticles. A
recent study showed that IP-administered iron oxide
could eftectively kill tumor cells in a murine ovarian
cancer xenograft model by hyperthermia, follow-
ing application of an alternating magnetic field.!®
Interestingly, rather than being directly taken up by
the cancer cells, the authors present evidence that
peritoneal phagocytes engulf and deliver the iron
oxide particles to the tumor tissue. This result implies
that nanoparticles administered via IP injection can
also localize to the tumor environment regardless of
surface coating or targeting moieties, and warrant
turther investigation. Nanoparticles also have the
ability to deliver alternate cargo beyond standard
chemotherapies, photosensitizers, and gene therapy
constructs. Examples include the delivery of radio-
isotopes for radionuclide therapy,'®! delivery of nitric
oxide donors for eradication of cancer cells,'®? and
using the intrinsic properties of nanoparticles for drug
release, such as near-infrared triggered doxorubicin
release from hollow gold nanoparticles.!s3

As is evident from the recent articles and clini-
cal trials discussed above, nanoparticle systems are
gaining traction in ovarian cancer therapeutics. It is
clear that nanoparticle-based technology will be an
integral part of improving tumor targeting, drug efhi-
cacy, and toxicity profiles of new emerging strategies.
While current translational efforts are on nontargeted
liposome or polymer aggregate formulations, recent
findings using targeted nanomaterials and codelivery
systems show therapeutic potential and are likely to
enter clinical trials in the near future. Likewise, novel
treatment strategies based on nanoparticle delivery
systems, such as RNAi and gene therapy, herald their
use in forthcoming ovarian cancer therapies.
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