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To Maverick, who knows the chapters | left unsaid.



What do women hold?

The home and the family.

And the children and the food.
The friendships.

The work.

The work of the world.

And the work of being human.
The memories.

And the troubles.

And the sorrows and the triumphs.
And the love.

Men do as well,
but not quite in the same way.

Maira Kalman
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Abstract

Cachexia and cancer, when intertwined, precipitate severe adverse outcomes for
patients, underscoring the urgent need for innovative therapeutic strategies. This
dissertation addresses a significant gap in current treatments for metastatic epithelial
cancers that overexpress activin A, a therapeutic target implicated in the propagation of
tumorigenesis, metastatic spread, and cancer-associated cachexia. Activin A
overexpression is a common denominator in various epithelial malignancies, including
prostate, pancreatic, colorectal, lung, head and neck, liver cancers, and, notably,
epithelial ovarian carcinoma - the focal point of this dissertation. At the heart of this
research is developing and optimizing a novel lipid nanoparticle-based formulation for
delivering follistatin mMRNA aimed at neutralizing activin A by sequestering it in an
inactive state. To decrease the reactogenicity of the developed formulation, we integrate
an ionizable lipid with the lowest reactogenic potential and employ the Nobel Prize-
recognized method of pseudouridine-substituted mRNA in follistatin mRNA lipid
nanoparticles. Importantly, we also identify the crucial roles of toll-like receptor 4 and the
MyD88 adaptor protein in eliciting sickness behaviors in mice as a result of the
reactogenic characteristics of lipid nanoparticles and propose strategies to counteract
these effects. The optimized follistatin mRNA lipid nanoparticles lead to a marked
decrease in tumor growth, metastasis reduction, and cachexia alleviation, evidenced by
the preservation of muscle mass and fat stores in cancer-bearing mice. This therapeutic
approach meets the critical need in managing metastatic epithelial cancers and cancer-
associated cachexia, paving the way for novel mRNA treatments that aim to markedly

improve patient outcomes.
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1.1 DiSSErtation OVEIVIEW .......cc.coviiiiiiiiieitiesiieee ettt sttt ettt sbe e st e s s e seeeeaes 16
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gynecological MaligNaNCIES...........cceriiiiiiiieeee e 17
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1.5 Chapter SUMMAIY.....c..coiiiiiiieet et sttt bt e sne st 26

1.1 Dissertation overview

In this dissertation, | introduce novel nucleic acid formulations for the targeted
treatment of metastatic epithelial ovarian carcinoma (EOC) and cancer-associated
cachexia (CAC). These formulations signify a substantial development in addressing the
dual challenges of cancer and its associated comorbidity of CAC, which is marked by
decreased appetite, accelerated loss of fat and lean body mass, and persistent fatigue.
In Chapter 1 of my dissertation, | address the fundamental question of why | undertook
the specific work outlined in my research. | present an introductory section that provides
valuable insights into the landscape of gynecological cancers. In exploring effective
management and novel therapeutics for gynecological cancers, | examine the historical
context of nucleic acid therapeutics and underscore their essential synergy with lipid
nanoparticles (LNPs), a key factor in advancing this field. In Chapter 2, | provide a
detailed background for gynecological cancers, covering definitions, causes, associated
health challenges, current treatment approaches, and their limitations. | then expand the
theme of limited treatments and emphasize the significance of advancing nucleic acid

therapeutics through a comprehensive review of their application in the context of
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gynecological malignancies. This review in Chapter 3 encompasses a detailed analysis
of various nucleic acid-based approaches, including small interfering RNA (siRNA),
messenger RNA (mRNA), and microRNA (miRNA) therapies. In Chapter 4, which is a
pivotal section of my dissertation, | propose an LNP-based formulation for delivering
follistatin mRNA to treat EOC and CAC in nude mice. Further, because my studies
directed my attention to the reactogenicity of LNPs, in Chapter 5, | examine the
molecular and cellular mechanisms behind side effects that | witnessed following LNP
administrations in wild-type mice. In Chapter 6, | share my findings on the involvement
of toll-like receptors and their associated adaptor proteins in this intricate process. |
delve into molecular foundations of reactogenic cascades that manifest in the
behavioral responses elicited by the LNP formulations. After | identify LNP formulations
with favorable safety profiles, in Chapter 7, | introduce the improved follistatin mRNA
LNP formulation as a proof-of-concept to address metastatic epithelial carcinoma, laying
the groundwork for further developments in EOC therapeutics. Finally, | outline future
prospects for nucleic acid therapeutics in gynecological oncology, which serves as a

conclusion to my dissertation work in Chapter 8.

1.2 Setting the stage: An Introduction to the challenge of ovarian cancer in
gynecological malignancies

Gynecological malignancies represent a significant and complex health challenge
for patients with female reproductive organs, and encompass a range of cancers,
including vaginal, vulvar, cervical, endometrial, and ovarian neoplasms. [1] While
advances in early detection and treatment have improved survival rates and quality of

life for individuals with gynecological cancers, these cancers continue to pose
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substantial health risks. These challenges underscore the ongoing need for
comprehensive approaches to address the complexity of gynecological cancers. [2, 3]
One particular gynecological malignancy that commands attention is ovarian cancer. Its
high mortality rate and a five-year survival of under 30% for cases with distant
metastases emphasizes the crucial need for changes in our strategy to address this
disease. [4, 5] Ovarian cancer, predominantly epithelial ovarian carcinoma (EOC) in
over 95% of cases, poses a distinct challenge as it is frequently diagnosed at an
advanced stage, with metastases already disseminated within the abdominal cavity. [6]
Advanced disease restricts therapeutic options, which are already limited for ovarian
cancer, to a combination of primary surgical debulking with adjuvant platinum- and
taxane-based chemotherapy. [7] While most patients with advanced-stage ovarian
cancer respond to first-line chemotherapy, these responses are not durable, and a large
proportion of patients ultimately develop and succumb to chemo-resistant disease. [8]
These intricacies of ovarian cancer in both clinical and research domains inspired my
dedication to advancing more effective treatments amid the limitations of conventional
approaches. Moreover, the complex web of health challenges surrounding ovarian
cancer, including CAC, further stirred my commitment to developing therapies that
holistically address this disease.

As | explored the complexities of advanced EOC, witnessed firsthand in clinical
settings and bolstered by insights from the literature, it became evident to me that
patients with ovarian cancer often contend with malnutrition and CAC, resulting in
substantial health implications. [9] Indeed, in CAC, many patients are in a state of

nutritional bankruptcy and chronic wasting, which renders them poor or suboptimal
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candidates for primary therapeutic interventions including surgery and chemotherapy.
[10] Of note, while remaining the frontline treatment for metastatic ovarian cancer,
chemotherapy itself carries an inevitable iatrogenic burden [11], leading to loss of
muscle mass, depletion of fat stores, fatigue, and propagation of systemic inflammation
proportional to the aggressiveness of disease management. [12] Consequently, |
realized that the relationship between cancer and CAC is highly complex when factoring
in the treatment. It was clear to me that while cancer serves as the catalyst for CAC, the
interventions, particularly chemotherapy, significantly amplify and worsen the
manifestations of CAC throughout the course of active antineoplastic interventions. This
realization emphasizes the complexity of addressing both the disease itself and the
iatrogenic consequences, presenting a challenge as | consider the comprehensive care
required for patients dealing with these interconnected issues. Therefore, | aimed to
identify new therapeutic targets and appropriate drug combinations that could improve
both efficacy and tolerability of chemotherapy for EOC treatment and beyond. As further
outlined in Chapter 4, follistatin mRNA was selected as our therapeutic option due to its
capacity to disrupt detrimental mechanisms involved in both CAC and cancer

progression.

1.3 Nucleic acid therapeutics for gynecological cancers: Promising
prospects in the post-SARS-CoV-2 vaccine landscape

Compared to traditional small molecule drugs, chemotherapeutics, biologics, and
other conventional cancer therapies, nucleic acid therapeutics are a significant and
promising therapeutic option offering distinct benefits. [13] | found myself captivated by

the versatility and customizability inherent in nucleic acid therapeutics. Starting my
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dissertation work, | promptly recognized their vast potential in overcoming drug
resistance mechanisms, as well as their ability to modify underlying processes driving
cancer progression, disrupting key signaling pathways, altering the tumor
microenvironment, and inducing immune responses for long-term disease control. [14]
My fascination with nucleic acid therapeutics further stemmed from the potential to
create personalized treatment strategies, including tailored nucleic acid vaccines
designed for individual patients or specific cancer subtypes. [15] In the context of
developing these therapeutics, | recognized that the progress in this field relied
significantly on the effective design and utilization of delivery systems such as LNPs.
Therefore, | envisioned LNPs as optimal vehicles for targeted nucleic acid delivery to
cancer cells, due to their ability to offer enhanced efficacy while minimizing off-target
effects. [16-18]

To emphasize the progressive evolution of nucleic acid therapeutics and LNP
delivery systems and the synergy that has emerged between them, | summarize the
historical integration of LNP-guided therapies, which also includes nanoparticle-based
gynecological chemotherapeutics and the first nucleic acid therapies (Figure 1). The
integration of lipid nanoparticles into therapeutic approaches for gynecological oncology
unfolds as a captivating historical narrative. In the mid-20th century, the emergence of
doxorubicin, cisplatin, and paclitaxel significantly reshaped chemotherapy practices.
The 1960s introduced liposomal structures, paving the way for targeted liposomes in the
1980s. Progressing into the 1990s-2000s, liposomal formulations for anti-cancer drugs
not only gained prominence but also became integral to daily clinical practice. Currently,

liposomal formulations for chemotherapy drug delivery in gynecological oncology stand
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as a pivotal advancement, providing a path towards enhanced drug delivery precision,
reduced systemic toxicity, and ultimately, improved therapeutic efficacy.

For nucleic acid therapeutics, currently still in their early stages as potential
therapies for gynecological cancers, a pivotal moment occurred in 1989 when cationic
liposomes successfully delivered the first mRNA. In 2018, Onpattro, the inaugural FDA-
approved liposomal siRNA formulation for amyloidosis treatment, marked a
transformative milestone. Transitioning into the early 2020s, the initiation of clinical trials
for the first MRNA-LNP therapies anticipated the global release of mMRNA vaccines in
2022.

Each era in this progression (Figure 1) underscores the significant evolution of
nanoparticle integration, contributing to the ongoing scientific progress in nucleic acid
therapeutics and their incorporation to gynecological oncology. However, the synergy
between LNPs and nucleic acid-based treatments has never been more apparent than
in the post-SARS-CoV-2 vaccines landscape. The rapid development and successful
deployment of mMRNA SARS-CoV-2 vaccines showcased the potential of LNPs as a
versatile and effective delivery system. [19] This milestone in vaccinology advanced the
field of nucleic acid therapeutics, providing a robust foundation for their application in
diverse therapeutic domains, including my own endeavors in developing mRNA LNP
therapy for the treatment of EOC.

Inspired by the unfolding potential in cancer therapeutics, | contributed to the
advancement of EOC management, by developing mRNA LNP therapy, beginning with
the identification of therapeutic targets and concluding with the optimization of the

formulation improving its safety profile. The synergy between technological progress
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and scientific inquiry within my research endeavors seeks not only to expand our
arsenal for addressing the complexities of cancer and its associated syndromes but also
highlights the need for advancements in the field of gynecological oncology. Particularly
crucial is the improvement of therapies for EOC, where the potential impact of nucleic
acid therapies opens new horizons. Therefore, recognizing these transformative

possibilities, | will now outline the specific aims and objectives of my dissertation.
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Figure 1. Nucleic acid therapies and lipid nanoparticles: A shared timeline: Since the initial
characterization of liposome structure in 1965, the field of lipid nanoparticles (LNPs) has seen significant
advancements. By 1974, liposomes were utilized for vaccine delivery, followed by the development of
targeted liposomes in 1980. In a mere nine years, mRNA delivery was achieved using cationic liposomes.
Concurrently, notable antineoplastic agents such as cisplatin and paclitaxel were discovered, with their
encapsulation into liposomal formulations, including daunorubicin, cytarabine, and doxorubicin, alongside
non-cancer-related drugs like amphotericin B and verteporfin, observed in the early 1990s and 2000s. This
era also marked the advent of liposomal antiviral vaccines in 1990. Progress continued through the 2010s
with the discovery of novel ionizable lipids and improved LNP formulations, culminating in the approval of
the first siRNA therapy for amyloidosis, Onpattro, by the FDA in 2018. Notably, in the 2020s, the world
witnessed the debut of mRNA vaccines encapsulated in LNPs. Given the classification of mRNA drugs as
a third-generation therapeutic modality following small molecules and biologics, a new wave of these
therapeutics is anticipated, including their potential application as antineoplastic agents.
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1.4 Research goals in focus: Aims and objectives

My dissertation aims to deepen knowledge of nucleic acid therapeutics and their
application, specifically in the context of gynecological cancers. Existing gaps in this
field revolve around the restricted therapeutic options available for effectively combating
metastatic EOC and the CAC. However, as demonstrated by the remarkable success of
nucleic acid formulations in controlling infectious diseases with the SARS-CoV-2
vaccines, | see the development of robust nucleic acid formulations for cancer
therapeutics emerging as an important objective. Therefore, a central and critical
objective of my dissertation is to address and bridge the therapeutic gap by developing
and evaluating a novel LNP-based formulation for delivering therapeutic mRNA as a
potential intervention for ovarian cancer.

Three major aims of my dissertation and associated objectives are listed below
(Figure 2).

Specific Aim 1: To develop and evaluate a novel lipid nanoparticle-based formulation
for delivering follistatin mMRNA as a therapeutic intervention for EOC.

Objective 1.1: Provide a complete overview of gynecological malignancies and
distinctly define ovarian cancer in the context of these malignancies.

Objective 1.2 Conduct a comprehensive review of existing research on lipid
nanoparticle formulations and their potential in the delivery of nucleic acids for
gynecological cancer therapy.

Objective 1.3: Formulate and optimize a lipid nanoparticle-based delivery

system for follistatin mRNA.
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Objective 1.4: Assess the efficacy of the formulated lipid nanoparticles in
delivering follistatin mRNA and its impact on EOC treatment and CAC management in a
relevant preclinical murine model.

Specific Aim 2: To investigate the mechanisms and reactogenicity associated with the
administration of lipid nanoparticles, focusing on the involvement of toll-like receptor 4

(TLR4) and its adaptor proteins Myeloid Differentiation Primary Response 88 (MyD88)
and TIR Domain-Containing Adapter-Inducing Interferon- (TRIF).

Objective 2.1: Review the published literature to investigate how toll-like
receptors and their associated adaptor proteins are involved in the recognition and
subsequent response to lipid nanoparticles.

Objective 2.2: Study the behavioral and reactogenic responses of mice to lipid
nanoparticles.

Objective 2.3: Understand how these mechanisms influence the administration
and effects of lipid nanoparticles in vivo.

Specific Aim 3: To identify the improved mRNA lipid nanoparticle formulation as a proof
of concept in treating metastatic epithelial carcinoma and lay the foundation for future
ovarian cancer therapeutics.

Objective 3.1: Develop and optimize an improved mRNA lipid nanoparticle
formulation.

Objective 3.2: Investigate the therapeutic efficacy of the improved mRNA lipid

nanoparticles in a metastatic epithelial carcinoma model.
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Figure 2. Visual representation of dissertation aims: The aims of this dissertation encompassed several
key objectives in the development and application of Fst mMRNA LNP formulations for the treatment of
ovarian cancer and CAC. Aim 1 focused on developing tailored Fst mMRNA LNP formulations to enhance
therapeutic efficacy against both ovarian cancer and CAC. Aim 2 involved a detailed investigation into the
reactogenicity of LNP carrier formulations, particularly crucial during the transition to wild-type murine
models, aiming to address reactogenic manifestations that hindered translation to immunocompetent
animals. Sub-aim 2 aimed at selecting the Fst MRNA LNP formulation with the most favorable safety profile
to support a chronic injection regimen. Aim 3 aimed to explore the potential of improved Fst mMRNA LNPs
specifically in the context of metastatic epithelial cancer in wild-type mice. Lastly, the dissertation concluded
with a comprehensive delineation of future research and development prospects for Fst mRNA
therapeutics, thereby providing a roadmap for advancing the clinical translation of this promising therapeutic
approach.

Through a comprehensive exploration of this research focus, my dissertation
seeks to provide valuable insights and solutions that can help address the challenges

and drive progress in the treatment of gynecological cancers.
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1.5 Chapter summary

This chapter introduces the context and motivation for my dissertation's research
goals, which revolve around addressing therapeutic gaps in treating gynecological
cancers, with the emphasis on metastatic EOC, and surrounding health challenges,
including CAC. It offers essential background information and the rationale for exploring
novel nucleic acid formulations, setting the stage for the next two chapters providing
comprehensive review of gynecological cancers and nucleic acid therapeutics for their

treatment.
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Chapter 2: Gynecological cancers and conventional

therapies: Uncovering therapeutic gaps and challenges

Chapter published in: Korzun, T., et al., Development and Perspectives: Multifunctional
Nucleic Acid Nanomedicines for Treatment of Gynecological Cancers. Small, 2023: p.
e2301776.
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2.1 Gynecological cancers: Overview

Gynecological malignancies are significant contributors to morbidity and mortality
among individuals with female reproductive organs. [1] Vaginal, vulvar, cervical,
endometrial, and ovarian neoplasms are the five most common types of gynecologic

cancer. [1]

2.1.1 Vaginal and vulvar neoplasms

Squamous cell carcinoma (SCC) of the vagina, often resulting from cervical SCC,
vaginal clear cell adenocarcinoma (ADC), linked to diethylstilbestrol (DES) exposure in
utero, and vaginal sarcomas are the most common vaginal tumors. [20] SCC is the
most common cancer among older patients with vaginal and vulvar malignancies. The

mean age of diagnosis for vaginal SCC is 60 years or older. Furthermore, up to 20% of
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patients are found to be asymptomatic at the time of diagnosis. [21, 22] Vaginal ADC is
the most frequent malignancy in patients 20 years and younger, with most patients
presenting with stage 1 disease resulting in a favorable prognosis. [21]
Leiomyosarcomas, endometrial stromal sarcomas, malignant mixed Mullerian tumors,
and rhabdomyosarcomas are the most frequent primary vaginal sarcomas. [23] The
vast majority of vaginal malignancies are spread by direct invasion of the pelvic soft
tissues via lymphatic and hematogenous dissemination. [24] In comparison, vulvar
cancers affect any part of the external genitalia but exhibit limited cancer spread to the

regional lymph nodes, with distant metastasis rarely formed. [24]

2.1.2 Cervical cancer

Cervical cancers are the third most prevalent gynecological malignancy and the
fourth most common malignancy overall in patients with female reproductive organs.
[25] SCC and ADC are the most common types of cervical cancer with SCC accounting
for 85% of all cervical cancer cases. [26] Importantly, the occurrence of both SCC and
ADC in younger patients has recently dramatically increased. [27, 28] Human
papillomavirus (HPV) is a well-documented causative agent of all cervical cancer cases.
[25] Approximately 90% of cervical cancer—related deaths occur in low- and middle-
income countries (LMIC), making cervical cancer the third leading cause of death in the
developing world. [29] This disproportionate burden of disease in LMIC is at least in part
due to limited access to preventive measures (especially HPV vaccines and effective
screening programs), as well as the contribution of increased burden of HIV disease,
which increases the risk of cervical cancer. Importantly, up to 60% of cervical cancer

patients suffer a disease recurrence with distant metastases. [29] Despite
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advancements in screening programs and existing treatment modalities, cervical cancer
remains one of the leading causes of death in the developing world. [30] In the context
of LMIC, the availability of conventional cancer therapies including those for cervical
cancer is often limited. [31] However, it is crucial to emphasize the importance of
accessing novel therapies in this setting, as these innovative approaches have the
potential to revolutionize treatment outcomes. Thus, limited access to these therapies in
resource-constrained settings necessitates a comprehensive examination of the barriers
and potential strategies to enhance their availability, ensuring equitable access and

addressing the disparities in cervical cancer outcomes globally.

2.1.3 Endometrial cancer

Endometrial carcinoma is the most prevalent form of endometrial cancer,
affecting up to 3% of adult patients with uteri in the United States, with the incidence
rising between the ages of 55 and 64. [32] Type | endometrial tumors are endometrioid
in origin and include histological grades 1 and 2. [33] Type |l endometrial tumors are
endometrioid tumors of grade 3 or tumors of non-endometrioid origin that include
serous, clear cell, mucinous, squamous, transitional cell, mesonephric, and
undifferentiated histological types. [34] Compared to uterine endometrioid malignancies,
uterine serous carcinoma (USC) and uterine clear cell carcinoma (UCCC) have a worse
prognosis due to a greater tendency for lymphovascular invasion, intraperitoneal, and
extra-abdominal metastasis. Patients with USC and UCCC often present with

extrauterine cancer dissemination in the later stages of the disease. [35, 36]
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2.1.4 Ovarian cancer

The most pervasive malignant neoplasms are ovarian germ cell tumors (GCTs),
mixed germ cell tumors, granulosa cell tumors, and epithelial ovarian carcinomas
(EOC). Although genetic factors, i.e., BRCA mutations, are the most significant drivers
of EOC risk, such as BRCA mutations, other factors, including hormonal, reproductive,
environmental, racial, and ethnic factors also have a significant impact. [37, 38] EOCs
account for 90% of all ovarian malignancies, with the most common types being high-
and low-grade serous carcinomas (HGSC and LGSC), endometrioid carcinoma, clear
cell carcinoma, and mucinous carcinoma. [38] Close to 75% of patients with EOC
exhibit advanced disease at a presentation that has either spread throughout the
peritoneal cavity, to lymph nodes (Stage lll), or to more distal sites (Stage 1V). [38]
Approximately 80% of all malignant ovarian neoplasms are HGSCs. [39, 40] Most
HGSCs are diagnosed at an advanced stage, with extraovarian development and rapid
metastasis. [6, 41] Immature teratomas, tumors of the yolk sac, and dysgerminomas,
which are GCTs, are primarily seen in young patients (10-30 years old) and form up to
5% of malignant neoplasms of the ovary. [42, 43] Granulosa cell tumors are the most
prevalent sex cord-stromal tumors (SCSTs) of the ovary, 90% of which are malignant.

[44]
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Figure 3. Overview of gynecological malignant tumor types in the female reproductive system:
Vaginal and vulvar cancers primarily affect the vaginal and vulvar regions, respectively. Cervical cancer
is in the cervix, while endometrial cancer originates in the endometrium, the inner lining of the uterus,
and encompasses various histological types. Ovarian cancer includes sex cord stromal tumors,
ovarian germ cell tumors, and ovarian epithelial tumors, with the latter comprising the highest

percentage of all ovarian malignancies.

2.2 Conventional treatment approaches for the management of

gynecological malignancies

Gynecological cancer management is highly entrained to the cancer type and
degree of malignant dissemination. Although therapies for benign gynecological
diseases hold significance in health management, the urgency and complexity
surrounding gynecological malignancies require a targeted discussion regarding their

distinctive challenges, treatment options, and advancements. Hence, the focus of this

33



section on conventional therapeutics is oriented specifically towards therapies for

malignant gynecological tumors.

Vulvar tumors, as well as lesions in the lower third of the vagina, currently require
vulvovaginectomy or alternative chemoradiation and assessment of inguinofemoral
lymph nodes. [45-47] In malignant vaginal tumors, Stage | patients are candidates for
radiation with or without surgical resection. [45] For Stage II-1V, external beam radiation
therapy, brachytherapy, and combined chemotherapy with radiation therapy are the
preferred approaches. [45] At present, neoadjuvant chemotherapy administered prior to
surgery is considered an experimental therapeutic strategy in the current stage of
developing treatment modalities. This approach involves the administration of
chemotherapy before the surgical removal of a tumor to reduce its size and facilitate

resection, potentially improving patient outcomes. [48-50]

The most common approach for early-stage cervical tumors is surgical resection
(preferred over radiation), including conization and simple or radical hysterectomy. [28]
Locally advanced and early-stage disease patients with medical comorbidities or poor
functional status receive primary radiation therapy. [51] Management of metastatic
cervical cancer depends on the extent of the disease at presentation. Local resection,
chemotherapy, or radiation can manage disease isolated to the lymph nodes or
presenting with limited metastases. Metastatic disease is often treated with platinum
chemotherapy (platinum-based with or without taxane) in combination with the
angiogenesis inhibitor bevacizumab as a first-line treatment. [52-54] Chemotherapy-
naive patients are also recommended to undergo treatment incorporating

pembrolizumab, a monoclonal anti-PD-1 antibody. [55]
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Surgery alone or in combination with adjuvant therapy is usually curative for
endometrial uterine cancers. Extrafascial hysterectomy with bilateral salpingo-
oophorectomy is the standard of care for uterine malignancies. [56] Metastatic
endometrial cancer often requires cytoreduction intervention with extended field
radiation. [57] Based on the stage, grade, and stratification according to tumor size,

adjuvant therapy can include chemotherapy with or without radiation therapy. [58]

In spite of excellent initial treatment responses in about 70% of women with
EOC, the majority of patients experience disease recurrence within three years after the
first treatment. [59] For patients with early-stage EOC exhibiting high-risk features, the
evidence supports the use of adjuvant chemotherapy in addition to primary surgical
debulking. [60] The most common adjuvant chemotherapy for EOC is a platinum-based
combinatorial treatment (i.e., paclitaxel and carboplatin). [60] Chemotherapy can be
delivered by intravenous (IV) or intraperitoneal (IP) routes, with the latter showing
increased progression-free survival (PFS) and OS relative to systemic delivery. [61, 62]
Management of advanced EOC includes primary surgical cytoreduction in combination
with chemotherapy that usually includes platinum chemotherapeutics and taxane.
However, patients who are unable to undergo surgery, because of disease progression,
may be considered for neoadjuvant chemotherapy with subsequent delay of primary
surgery. [59] Dose-dense therapy characterized by shorter intervals between
chemotherapy administrations has enhanced or similar efficacy to a conventional dose

regimen, although this typically leads to higher toxicities. [63-68]

Management of EOC also requires maintenance therapy, which could include

poly(ADP-ribose) polymerase (PARP) inhibitors (i.e., olaparib, niraparib) and inhibitors
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of angiogenesis. [69-72] PARP inhibitors are recommended for maintenance therapy
after first-line chemotherapy, especially for patients with breast cancer susceptibility
gene 1/2 (BRACA1/2) mutations. In patients with high risks of recurrence, angiogenesis
inhibitors such as bevacizumab were shown to increase PFS and OS, especially in
patients with ascites and stage |V disease. [73-76] Tyrosine kinase inhibitors directed
against the VEGF, platelet-derived growth factor (PDGF), and c-KIT receptors (i.e.,
pazopanib), also showed an increase in PFS, but not OS, when used as maintenance
therapy. [77] Patient groups with platinum-sensitive disease are recommended to
undergo secondary cytoreduction or receive an additional round of chemotherapy with
or without bevacizumab. [78] Vascular endothelial growth factor receptor (VEGFR1-3)
inhibitors (i.e., cediranib) and PARP inhibitors (i.e., niraparib, olaparib, and rucaparib)
showed efficacy in maintenance therapy of patients with platinum-sensitive disease.

[79-82]

Other malignant ovarian neoplasms are managed similarly to EOC. For ovarian
GCT treatment, a total extra fascial hysterectomy with bilateral salpingo-oophorectomy
and pelvic and para-aortic lymph node dissection is required. Although cytoreductive
surgery is essential for advanced disease management, fertility-sparing options should
be considered for young patients who wish to preserve their fertility. [83] Management of
malignant SCSTs depends on staging and can range from a radical hysterectomy with
bilateral salpingo-oophorectomy to conservative unilateral oophorectomy for fertility

preservation with or without adjuvant chemotherapy. [84]
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2.3 Gaps in treatment modalities

Although many gynecological cancer patients achieve complete clinical remission
with first-line treatment, the majority of malignancies (such as EOC) recur. [85] The
clinical trials of maintenance or consolidation therapy for advanced gynecological
cancers demonstrated an increase in the percentage of patients who remain relapse-
free for extended time. [85-89] However, recent evidence suggests that maintenance
chemotherapy administered after first-line therapy does not improve survival outcomes.

[90-92]

The course of the iliness determines the feasibility of secondary, tertiary, or
quaternary cytoreduction surgery in these advanced cases, as well as the surgical
strategy of choice (i.e., open, laparoscopic, or robotic). Pathological variables such as
extrapelvic involvement, carcinomatosis, and extent of disease progression determine
complete cytoreduction. [93, 94] For instance, multifocal EOC dissemination indicates a
poor prognosis, a higher frequency of morbidity, and an increased disease burden. [95,

96] However, complete cytoreduction decreases these adverse indicators. [97-99]

Although only 70-80% of patients with recurrent gynecological malignancies
receive additional debulking treatments, the occurrence of post-operative adverse
events renders them frail and disqualified for subsequent therapies, leading to a mere
23% of patients surviving beyond 5 years. [100] Adhesions resulting from cancer-related
inflammation and surgery, as well as carcinomatosis, may aggravate intestinal
obstruction to the point where it becomes a medical emergency. Surgical

decompression and excision of obstructive carcinomatosis and bowel obstructions are
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palliative treatments with high post-operative mortality rates, demonstrating a need to

improve therapy and slow intraperitoneal cancer progression. [101-104]

The newest clinical therapies aiming to decrease the recurrence of malignant
gynecological cancers include the development of therapeutic vaccines, dose-dense
cycle approaches, as well as intraperitoneal therapy administered alone or in
combination with IV therapy. [62, 105, 106] The field of therapeutic vaccine development
for gynecological cancers has witnessed significant advancements, representing a
promising frontier in improving treatment modalities for these malignancies. [107, 108]
These innovative vaccines are designed to activate and enhance the patient's immune
response against specific antigens expressed by gynecological cancer cells. [108] For
instance, ongoing clinical trials are actively investigating the potential of DNA vaccines
encoding neoantigens as a promising therapeutic approach for the treatment of cervical
cancer. These vaccines utilize customized DNA sequences to express unique
neoantigens specific to individual patients, aiming to stimulate a robust and targeted
immune response against cervical cancer. By leveraging the immune system's natural
ability to identify and target cancer cells, therapeutic vaccines hold the potential to
provide personalized and precise treatment approaches, augmenting the arsenal of
available therapeutic options for patients with gynecological cancers. [108] Furthermore,
dose-dense cycle approaches have emerged as a significant advancement in the
treatment of gynecological cancers. [109] These strategies involve administering
chemotherapy at shorter intervals or with higher drug doses, aiming to maximize the
therapeutic effect and improve treatment outcomes. By reducing the interval between

cycles, dose-dense regimens aim to exploit the tumor's vulnerability and potentially
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enhance the efficacy of chemotherapy while minimizing the opportunity for cancer
relapse. Despite these advancements, at the current stage of therapeutic development,
randomized clinical trials assessing therapeutic vaccines and dose-dense cycle
approaches have shown contradictory outcomes in either relapse-free survival (RFS) or
overall survival (OS) compared to placebo or standard treatment regimens. [90, 107,
110-112] In this regard, nanomedicine is emerging as a promising approach to enable

the clinical translation of novel oncological medications.

2.4 Chapter Summary

In fulfillment of Objective 1.1, in Chapter 2, | provide an overview of gynecological

cancers, their treatment methods, and the existing gaps in addressing these
malignancies, setting the stage for the exploration of nucleic acid therapeutics in the
subsequent chapter. The primary theses of this chapter encompass several key
aspects:

1) Gynecological malignancies are a significant health concern among individuals
with female reproductive organs, including vaginal, vulvar, cervical, endometrial,
and ovarian cancers.

2) The management of gynecological malignancies varies based on cancer type
and stage, involving surgical resection, radiation therapy, and chemotherapy.

3) Despite advancements, most gynecological cancers, such as EOC, recur, and

post-operative complications impact secondary treatments.
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Chapter 3: Nucleic acids therapeutics for gynecological

cancers

Chapter published in: Korzun, T., et al., From Bench to Bedside: Implications of Lipid
Nanoparticle Carrier Reactogenicity for Advancing Nucleic Acid Therapeutics.
Pharmaceuticals (Basel), 2023. 16(8).
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3.1 FDA-approved nanoparticle-based treatment for gynecological

malignancies

Over the years, several types of nanoparticles were investigated for their
potential applications in gynecological cancer treatment, and some of these
formulations received regulatory approval from the U.S. Food and Drug Administration
(FDA). One notable class of nanoparticles utilized in FDA-approved therapeutics for
gynecological cancers is liposomes. Liposomes are spherical vesicles composed of
lipids that can encapsulate hydrophobic and hydrophilic drugs, providing protection
against degradation and improving their bioavailability. For instance, liposomal
formulations of chemotherapeutic agents such as doxorubicin are approved for the
treatment of ovarian cancer, offering improved efficacy, and reduced systemic toxicity

compared to conventional drug formulations. [113]
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In addition to liposomes, polymeric nanoparticles demonstrated significant
potential for gynecological cancer therapy. These nanoparticles are composed of
biocompatible and biodegradable polymers that can encapsulate drugs or nucleic acids,
allowing for controlled release and targeted delivery to cancer cells. [114] Polymeric
nanoparticles are utilized in FDA-approved therapeutics for gynecological cancers,
particularly in the context of sustained release of chemotherapeutic agents, such as

paclitaxel, for the treatment of ovarian cancer. [115-117]

Furthermore, inorganic nanoparticles, such as gold nanoparticles and iron oxide
nanoparticles, show promise in gynecological cancer treatment. Gold nanoparticles
possess unique optical properties, making them suitable for imaging and photothermal
therapy. [118] Iron oxide nanoparticles, on the other hand, have magnetic properties that
enable their use in magnetic resonance imaging (MRI) and magnetic hyperthermia.
[119-121] Although FDA-approved therapeutics specifically utilizing these inorganic
nanoparticles for gynecological cancers are currently limited, their potential applications
in diagnostics and combination therapies are being actively investigated. It is worth
noting that the FDA-approved nanoparticles for gynecological cancers represent a
subset of the wide range of nanoparticle formulations being developed and studied.
Other nanocarriers, such as micelles, dendrimers, and carbon- and silica-based
nanoparticles, hold great promise and are under active investigation for their potential in

gynecological cancer therapy.

Nanomedical approaches for treating gynecological malignancies have
tremendous potential as new treatment modalities, especially as a means to decrease

the iatrogenic burden of historically toxic or invasive treatments. For instance, high
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cardiotoxicity and myelosuppression of doxorubicin preclude its aggressive use for
gynecological cancers. However, liposomal doxorubicin formulation decreased adverse
toxicological effects, and is now a part of everyday practice in gynecological cancer
management. [122-124] Preparation of the liposomal formulation of doxorubicin and
other hydrophobic drugs, such as paclitaxel, produced an increase in circulation half-life
while simultaneously decreasing drug toxicity and increasing allowable loading and
cumulative doses. Coating with polyethylene-glycol (PEG) and the addition of structural
lipids such as sphingomyelin and choline to increase liposomal stability further
increased circulation time and prevented activation of the reticuloendothelial system.
[125] Therefore, pegylated liposomal doxorubicin (PLD) became a viable therapeutic
option for EOC patients whose disease progressed with first-line platinum

chemotherapy or who became non-candidates for platinum chemotherapies. [113, 126]

The list of nanomedicines for gynecological malignancies that are approved by
the FDA or are currently undergoing investigation in various stages of clinical trials has
been expanding since the 1990s (Table 1). Doxil and Caelyx are the two PEGylated
doxorubicin formulations approved by the FDA in 1995 and 1996. [127-129] PLD is
administered in doses of 50 mg m every four weeks, compared to topotecan
administered in 1.5 mg m daily doses for five days every three weeks, yielding similar
OS, overall response rate, and similar time to progression, but with reduced
myelotoxicity in EOC patients who previously received platinum chemotherapy or who
were platinum-refractory. [130, 131] In 2005, the FDA approved the use of nanoparticle
albumin-bound paclitaxel, also known as Abraxane. Subsequent studies demonstrated

that Abraxane, when compared to conventional paclitaxel, is associated with
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significantly fewer instances of neuropathy, anemia, pain, diarrhea, and hypersensitivity
reactions. [132-135] Abraxane exhibits encouraging efficacy in multiple studies as a
single agent or in combination with other drugs, including total remission in recurrent

ovarian cancer. [136-138]
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Table 1: Nanoparticle formulations for gynecological cancer treatments

Active

Approval status or

Name Nanoparticle Targetin Indications
Drug P geting Trial Start
Doxil/Caelyx Doxorubicin  Liposome Passive FDA approved since November Ovarian cancer
[139-141] P 1995
Liposomal Advanced solid tumors,
P Topotecan Liposome Passive Phase | trial, August 2019 . . .
topotecan [142] including ovarian cancer
Liposomal paclitaxel, ) ) ) i ) Advanced cancers, includin
P P Paclitaxel Liposome Passive Phase /1l trials, April 2004 . g
LEP-ETU [143] ovarian cancer
Liposomal Relapsed epithelial ovarian
P Lurtotecan Liposome Passive Phase /1l trial, October 2022 P P
lurtotecan [144] cancer
siRNA-EphA2 siRNA- Advanced solid tumors,
P Liposome Passive Phase | trial, May 2012 i , )
[145-147] EphA2 including ovarian cancer
Abraxane
Paclitaxel Albumin-bound NP Passive FDA approved since January 2005 Ovarian cancer
[137, 148-150]
Paclitaxel
polyglutamate Paclitaxel Polymeric NP Passive Phase Il trial, April 2005. Ovarian cancer
[115-117]
Genexol PM
(51, 152] Paclitaxel Polymeric micelle Passive Phase Il trial, January 2011 Ovarian cancer
CriPec Docetaxel
[153] Docetaxel Polymeric micelle Passive Phase Il trial, November 2018 Ovarian cancer
ALN-VSP02 VEGF and Solid tumors, includin
, Lipid NP Passive Phase | trial, July 2010 . g
[154] KSP siRNA ovarian cancer

Note: Only the nanoparticle formulations that are FDA-approved or currently undergoing trials are listed.
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In addition, the FDA approved the antibody-drug conjugate (ADC) Trastuzumab
emtansine (Kadcyla) for HER2-positive metastatic breast cancer that previously was
treated with trastuzumab and a taxane chemotherapy. Kadcyla combines the cytotoxic
drug DM1 with a monoclonal antibody targeting the HER2 receptor (Trastuzumab).
HER2 receptor overexpression is common in multiple types of gynecological cancers,
indicating potential benefits of drugs targeting this receptor. [155, 156] Although ADC
linker chemistry is not a direct branch of nanomedicine, ADC techniques are used to
conjugate antibodies and other peptides to nanoparticles for targeting purposes.

Examples of nanoparticle-based medications currently used in clinical practice,
such as Abraxane, liposomal Doxil, and the antibody-drug conjugate Kadcyla,
demonstrate the potential of nanomedicine in treating gynecological cancers. However,
while ovarian cancer is the focus of the vast majority of nanomedicine-based treatments
in clinical use or undergoing various phases of clinical trials, other gynecological
malignancies have received less attention in terms of therapy advancements.
Therefore, there is an immediate need to expedite the transfer of numerous
nanoparticle formulations undergoing pre-clinical investigations to clinical trials, in
preparation for their potential clinical use in treating other gynecological malignancies.
Importantly, harnessing the potential of nucleic acid therapeutics, with their ability to
target specific molecular pathways and exhibit synergistic effects with existing
treatments, holds great promise for improving patient outcomes and addressing the

unmet medical needs in gynecological malignancies.
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3.2 The advantages of nanocarriers in nucleic acid delivery

In the field of nucleic acid therapeutics, the use of nanoparticles as carriers offers
distinct advantages, addressing the challenges associated with efficient delivery and
intracellular uptake of nucleic acids as drugs. One of the main challenges in nucleic acid
delivery is their susceptibility to enzymatic degradation by nucleases present in bodily
fluids and cells. [13, 157] Nanoparticle carriers can shield the nucleic acid cargo from
enzymatic degradation, thereby increasing their stability and prolonging their circulation
time in the body. This protective barrier also enables controlled release of nucleic acids
at the tumor site, maximizing their local concentration and therapeutic effect. [158]
Furthermore, nanoparticle carriers can be engineered to possess surface modifications,
such as PEG coating, which prolong their circulation time, evade immune recognition,
and enhance accumulation within the tumor microenvironment. [125] Additionally,
nucleic acids have difficulty crossing cellular membranes due to their large size,
negative charge, and hydrophilic nature. [159, 160] Delivery systems can facilitate
cellular uptake by promoting endocytosis or by facilitating active transport of the nucleic
acid payload across the cell membrane. [158] Through the incorporation of ligands,
targeting moieties, cell-penetrating and fusogenic peptides, nanoparticles can
selectively recognize and bind to receptors overexpressed on cancer cells, facilitating
their internalization via receptor-mediated endocytosis and aiding penetration of plasma
membranes and organelles. [161, 162] Moreover, the co-delivery of nucleic acids and
other therapeutic agents, such as chemotherapeutic drugs or immunomodulators, within
the same nanoparticle system allows for synergistic combination therapies. [18, 163]

This approach exploits the complementary mechanisms of action of different
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therapeutics, leading to enhanced treatment efficacy and the potential to overcome drug
resistance commonly observed in gynecological malignancies.

The selection of a nucleic acid therapy delivery system is a crucial decision
influenced by various factors, including therapeutic objectives, target cells or tissues,
safety considerations, and delivery efficiency. In the realm of nanoparticle-based nucleic
acid therapy, a diverse array of materials and preparations exists for their assembly.
Lipid-based nanoparticles, such as liposomes, represent a widely employed approach
for nucleic acid delivery. [164] These nanoparticles can encapsulate nucleic acid
payloads through electrostatic interactions between positively charged ionizable lipids
and negatively charged phosphates of the nucleic acid. [165] Additionally, polymer-
based nanoparticles, including polymeric micelles and polyplexes, have demonstrated
their utility in nucleic acid delivery. [166, 167] These nanoparticles can protect nucleic
acids from degradation by encapsulating them through electrostatic binding to positively
charged polymers. [167] Moreover, beyond these conventional nanoparticle carriers,
other innovative carriers employing cationic lipids, dendrimers, and inorganic materials
such as silica have also found application in pre-clinical and clinical studies for nucleic
acid delivery. [168] The diverse range of nanoparticle carriers available offers
researchers and clinicians multiple options to tailor their nucleic acid therapies to
specific requirements, enhancing the potential for successful therapeutic outcomes.

Nanoparticle carriers represent only a subset of nucleic acid therapy options that
find application in pre-clinical and clinical investigations, as well as FDA-approved
therapeutics. However, it is essential to acknowledge that several other nucleic acid

therapy modalities are extensively employed in the field. These include various
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technologies and approaches to facilitate efficient delivery of nucleic acids. Among the
notable alternatives are viral vectors, which are genetically modified viruses engineered
to deliver nucleic acids into target cells. [169] Viral vectors, including adenoviruses,
lentiviruses, and adeno-associated viruses, offer high transduction efficiency and are
frequently utilized in gene therapy applications. [169, 170] Another prominent approach
involves electroporation devices, which apply brief electric pulses to cells, inducing
transient pores in their membranes for the uptake of nucleic acids. [171] Electroporation
serves as a versatile technique for delivering nucleic acids in a wide range of research
and therapeutic settings. Furthermore, microbubbles, small gas-filled microspheres, can
be utilized in conjunction with ultrasound to enhance nucleic acid delivery through a
process known as sonoporation. [172, 173] Each nucleic acid therapy modality
possesses unique attributes, advantages, and considerations, and their selection is
contingent upon the specific therapeutic objectives and target cells or tissues under

investigation.

3.3 Nucleic acid-based therapeutics for gynecological malignancies
Nucleic acid therapeutics, including mRNA, siRNA, and miRNA, have emerged
as promising new approaches for treating gynecological cancers. These innovative
therapies are based on manipulating specific genes or gene products in the cancer
cells, providing a targeted approach to treating cancer without the toxic effects of
traditional chemotherapy drugs. By specifically silencing or expressing specific genes
involved in cancer growth and progression, nucleic acid therapeutics have a strong
potential to improve the outcomes for patients with gynecological cancers. RNA

therapeutics possess the capability to surmount multidrug resistance, enhance the
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therapeutic efficacy of first-line treatments, increase the vigilance of the immune system
to cancer cells by expressing exogenous therapeutic antibodies or chimeric antigen
receptors on the immune cells, prevent the metastatic spread of cancer, and treat

cancer-associated syndromes.

3.3.1 mRNA therapies

With the advent of nucleic acid-based therapies, such as mRNA lipid
nanoparticles (LNPs) for SARS-CoV-2 vaccines, the nanomedicine industry gained
momentum toward advancing mRNA-based therapeutics beyond infectious disease
management and prevention. Despite their potential, mRNA therapies for gynecological
cancers are still in their early stages of research and development and have limited data
available. In fact, only a couple of articles describe mRNA therapeutics for gynecological
malignancies. This limited body of work underscores the need for further exploration in

this area.

One proposed mRNA LNP therapeutic was described as an efficacious modality
for ex vivo transfection utilized in chimeric antigen receptor (CAR) cell therapy. [174]
CARs expressed in T cells facilitate eradication of tumor cells by equipping T cells with
a single-chain variable fragment (scFv) recognition domain, allowing them to bind target
cell surface antigens and initiate cell killing. [175] Therefore, Hung et al. proposed a
therapeutic approach based on mRNA transfection of peripheral blood lymphocytes
(PBLs) for ovarian cancer treatment. [176] Mesothelin was used as a target protein due
to its common overexpression in solid tumors, including ovarian cancers. The
developed therapy consisted of mMRNA-guided transient expression of CARs in T cells

that specifically targeted mesothelin as tumor-associated antigen. Cells were
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supplemented with CAR mRNA using a commercially available electroporation system,
yielding 30-35% transfection efficiency with minimal toxicity to the transfected cells.
Importantly, mMRNA-mediated transient CAR transfection of PBLs, including T cells, is
known to mitigate target-specific off-tumor toxicity effects as previously described by

other researchers. [177, 178]

In addition to mMRNA-based CAR T therapies, an alternative strategy involves the
expression of mMRNA-encoded antigens that resemble tumor-associated antigens,
leveraging the immune system's capabilities to generate a potent response against
cancer cells by producing cancer-specific antibodies. [179] Following administration of
mMRNA therapy, the encoded tumor-associated antigens are processed and presented
by antigen-presenting cells, triggering the activation of specific immune cells, such as B
cells, which then undergo a process of antibody production and maturation, leading to
the generation of high-affinity antibodies against the targeted tumor-associated
antigens. An example of innovative treatment in the context of ovarian cancer involves
autologous dendritic cells (DCs) transfected with mRNA encoding tumor-associated
antigens. This approach harnesses the potential of personalized immunotherapy by
utilizing patient-specific DCs to present tumor-specific antigens, thereby enhancing the

immune response against ovarian cancer cells. [180, 181]

The transfection of mMRNA into antigen-presenting cells, specifically dendritic
cells, has garnered interest in the research and development of mMRNA vaccines.
Presently, there are no therapeutic mRNA vaccines that the FDA has approved.
However, a significant number of mMRNA vaccines for cancer treatment are currently

undergoing pre-clinical studies and clinical trials, including those intended to target
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gynecological cancers. Two clinical trials currently in Phase 1 aim to deliver proprietary
ovarian cancer tumor-associated antigens using mRNA and the intracellular domain of

HERZ2 using DNA constructs for the treatment of ovarian cancer. [182]

3.3.2 siRNA therapies

For the application of non-coding RNA in the treatment of gynecological cancers,
there is greater availability of data on siRNA-based nanomedicines that utilize an RNA
interference (RNAI) approach. RNA interference (RNAI) reduces the expression of
proteins crucial to cancer development by silencing a specific mRNA. The delivered
siRNA binds to argonaute proteins, which are the components of the RNA-induced
silencing complex (RISC) that, in turn, splits double-stranded siRNA into two strands.
The guide strand acts as a probe, attaching RISC to mRNA targets in order to promote
MRNA cleavage and subsequently inhibit mRNA translation. [183] Lipid, polymeric,
dendritic, and other nanoparticle platforms are used for siRNA delivery, shielding siRNA
molecules from endogenous nucleases and facilitating the transport of negatively
charged siRNA through the plasma membrane. [184] Nanoparticle-based siRNA
therapeutics function to decrease multidrug resistance in gynecological cancers,
potentiate chemotherapy treatments, as well as function as single-agent therapeutics
with promising antitumoral effects. While ovarian cancer has been a primary focus of
siRNA therapeutics, ongoing research in this field has expanded to encompass other

gynecological cancers, including cervical and endometrial malignancies (Table 2).
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Table 2: Pre-clinical siRNA therapeutics for gynecological malignancies

Reference Target Nanocarrier Targeting  Cancer Type Model
Antibody/Peptide/
[185] E6 . yrep Targeted Cervical In vitro: CaSki, SiHa, and HeLa cells
Lipid Complex
[186] E6, E7 Chitosan NP Targeted Cervical In vitro: SiHa cells
[187, 188] HPV18 E6 Gold NP Targeted Cervical In vitro: Hela cells; in vivo: nude mice with HeLa tumors
o . ) In vitro: TC-1 cells; in vivo using obese and non-obese
[189] HPV16 E7 Lipid NP Passive Cervical . .
C57Bl/6 mice with TC-1 tumors
[190] Cdk4 Lipid NP Passive Cervical In vitro: HelLa cells
[191] HPV16: EB6, Linosomes Passive Cervical In vitro: CaSki and TC-1 cells, in vivo using C57BI/6
E7 P mice with TC-1 tumors
. . , In vitro: CaSki cells, in vivo using nude mice bearing
[192] HPV16 E6 Liposomes Passive Cervical ,
CaSki tumors
[193] HPV16 E6 Liposomes Passive Cervical In vitro: CaSki cells
[194] HPV16 E6, E7 Polymeric Micelles Passive Cervical In vitro: SiHa and HelLa cells
[195] Egfp Polymeric NP Passive Cervical In vitro: HelLa cells
[196] Tert Polymeric NP Passive Cervical In vitro using Hela cells
. . ) ) In vitro: HeLa and HUVEC cells; in vivo: nude mice with
[197] Derlin1 Selenium NP Passive Cervical
Hela tumors
) | In vitro: Ishikawa, Hec-1A, KLE, and SK-OV-3-ip1
. . Endometrial
[198] Ezh2 Chitozan NP Passive ) cells;
and Ovarian L . . .
in vivo: nude mice bearing Ishikawa and Hec-1A tumors
[199] Asd Peptide NP Passive Endometrial,  In vitro: ARK1 and OVCAR-8 cells; in vivo: NOD SCID
X
P Ovarian or NU/FOX mice bearing ARK1 and OVCAR-8 tumors
[200] Egfr Carbon NP Passive Ovarian In vitro: HeyA8-F8 cells
[201] Hif-1a Chitosan Lactate NP Targeted Ovarian In vitro: OVK18 cells
Postn, Fak, . . In vitro: SK-OV-3-ip1, HeyA8, and A2780 cells; in vivo
[202] Chitosan NP Targeted Ovarian . P .y .
DIxdc1 using A2780 tumor-bearing nude mice
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[203]

[204]

[205]

[206]

[207]
[208]
[209]

[210]

[211]

[212]

[213]
[214]

[215]

[216]

[217]

[218]

Pixdc1

Src and Fgr

Jagged1

P70-S6

Akt
Cd44

Dj-1

Erbb2

Micu1

Mdr1

Fak
Egfr
Plk1

Hmcp1

Claudin-3

Parp1

Chitosan NP

Chitosan NP

Chitosan NP

Dendrimer NP

Dendrimer NP
Dendrimer NP

Dendrimer NP

Gold NP

Gold NP

Hyaluronic acid NP

Hyaluronic NP
Hydrogel
Lipid NP

Lipid NP
Lipidoid NP

Lipidoid NP

Passive

Passive

Passive

Passive

Passive
Targeted

Passive

Passive

Passive

Passive

Passive
Passive

Passive

Passive

Passive

Passive

Ovarian

Ovarian

Ovarian

Ovarian

Ovarian
Ovarian

Ovarian

Ovarian

Ovarian

Ovarian

Ovarian
Ovarian

Ovarian

Ovarian

Ovarian

Ovarian

In vitro: HUVEC, MOEC, SK-OV-3, A2780 and HeyA8
cells;

in vivo: nude mice with A2780 and HeyA8 tumors

In vitro: SK-OV-3-ip1 and HeyA8 cells; in vivo: nude
mice with SK-OV-3-ip1 and HeyA8 tumors

In vitro: SK-OV-3-Trip2 cells; in vivo: nude mice with SK-
OV-3-Trip2 tumors

In vitro: SK-OV-3 cells; in vivo: nude mice with SK-OV-3
tumors

In vitro: SK-OV-3 cells; in vivo: nude mice with SK-OV-3
tumors

In vitro and in vivo using PDX in nude mice

In vitro: HUVEC, ES2 and A2780/AD cells; in vivo: nude
mice bearing ES2 and A2780/AD tumors

In vitro: SK-OV-3 cells; in vivo: nude mice with SK-OV-3
tumors

In vitro: OVCARS5, OV167, OV202, A2780, SKOV3-ip,
OSE cells

In vivo: nude mice with SK-OV-3-TR, OVCAR-8-TR
tumors

In vivo: nude mice with HeyA8-MDR, SK-OV-3-TR cells
and PDX

In vitro: Hey and SK-OV-3 cells

In vitro: SK-OV-3 cells; in vivo: SCID mice bearing SK-
OV-3 tumors

In vitro: SK-OV-3-ip1 cells; in vivo nude mice bearing
SK-OV-3-ip1 tumors

In vivo: MISIIR/TAg transgenic mice, mice with ID8
tumors, and nude mice with OVCAR-3 tumors

In vivo: nude mice bearing mT2K tumors
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[219]

[220]
[221]

[222]

[223]

[224]

[225]
[226, 227]
[228]
[229]
[230]
[231]
[232]
[233]
[234]

[235]

[236]

[237]

No target

Notch1
Ksp

Epha2

Survivin

Ezh2

Tir4

Vegf
Pd-I1
Gro-alpha
Gapd
Snai1
P62

Bcl-2
Notch3

Twist

Pkm-2 and
Mdr-1
Survivin,
Bcl-2, P-gp

Lipoprotein NP

Liposome
Liposomes

Mesoporous silicon NP

Polymeric micelles

Polymeric NP

Polymeric NP
Polymeric NP
Polymeric NP
Polymeric NP
Polymeric NP
Mesoporous Silica NP
Chitosan polymeric NP
Polymeric micelles
Gold NP

Dendrimer NP and
Mesoporous Silica NP

Hyaluronic NP

Polymeric NP

Passive

Passive
Passive

Passive

Passive

Passive

Passive
US-assisted
Targeted
Targeted
Targeted
Passive
Passive
Targeted
Passive

Passive

Targeted

Passive

Ovarian

Ovarian
Ovarian

Ovarian

Ovarian

Ovarian

Ovarian
Ovarian
Ovarian
Ovarian
Ovarian
Ovarian
Ovarian
Ovarian
Ovarian

Ovarian

Ovarian

Ovarian

In vitro: multiple cell lines, including ovarian cancer cell
lines OVCAR-3, OVCAR-4, OVCAR-5, OVCAR-8, Caov-
3, HeyA8, Monty-1, and SK-OV-3-ip1; in vivo: NSG mice
with HeyA8 tumors

In vitro: SK-OV-3

In vivo: nude mice with SK-OV-3 tumors

In vitro: SK-OV-3 cells; in vivo: nude mice bearing SK-
OV-3 tumors

In vitro: A2780, SK-OV-3 and multi-drug resistant SK-
OV-3-TR cells

In vitro: SK-OV-3-ip1 and HeyA8 cells; in vivo: nude
mice with SK-HeyA8-luciferase tumors

In vitro: SK-OV-3/LUC cells

In vitro: A2780 cells

In vitro: SK-OV-3-Luc cells

In vitro: ES-2 cells

In vitro: SK-OV-3 cells

In vivo: nude murine model with ovarian PDX

In vitro: 2008/C13 cells

In vitro: SK-OV-3 cells

In vitro: SK-OV-3-DPP cells

In vitro: A2780R and OVCARS cells; in vivo: nude mice
with OVCARS tumors

In vitro: SK-OV-3 cells; in vivo: nude mice with SK-OV-3
tumors

In vitro: ES-2, OVCAR-3, and SK-OV-3 cells, in vivo:
nude mice with KV-OV-3 tumors

Abbreviations: NP — nanoparticles; PDX — patient-derived xerograph; US - ultrasound.
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In the treatment of ovarian cancer, multidrug resistance (MDR) represents a
significant obstacle. [238] MDR arises when cancer cells gain resistance to multiple
chemotherapy drugs, making it challenging to manage the disease effectively. [239]
Multidrug-resistant cancer patients may benefit from siRNA nanoparticle-based
therapeutics. [240] The mechanism of action of SiIRNA nanoparticle treatment includes
the transport of sSIRNA molecules to the cancer cell cytosol, where they can target
mMRNA transcribed from the genes associated with drug resistance. The siRNA inhibits
the normal function of the targeted genes, which may increase the sensitivity of cancer
cells to chemotherapy, therefore improving its efficacy. [241] The list of MDR-associated
genes in ovarian cancer constantly expands, but some of the most cited are per2, itga6,
Irp, mdr1, birch, ptk2, and park7. [242-245] P-glycoprotein (mdr1) is an MDR marker
responsible for ATP-dependent clearance of compounds, including antineoplastic drugs
used for cancer treatment. [246] Liposomal formulations complexing paclitaxel with anti-
mdr1 siRNA not only allowed a downregulation of resistance-associated proteins, but
also decreased paclitaxel toxicity, increased its cellular penetrability, and, therefore,
increased overall therapeutic efficacy of the combinatorial treatment in the ovarian
cancer xenograft model using nude mice. [247] Another MDR marker survivin (birc5), a
member of the inhibitors of apoptosis protein (IAP) family, was shown to be significantly
upregulated in various human malignancies, such as breast and ovarian cancer,
although its expression was low in normal tissues. [248, 249] Silencing of survivin and
associated focal adhesion kinase, FAK (ptk2), produced a decrease in paclitaxel
resistance and potentiated therapeutic efficacy of paclitaxel chemotherapy in mice.

[213, 223] siRNA-mediated knockdown of epidermal growth factor receptor (EGFR) was
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also successfully employed to decrease taxane and doxorubicin chemoresistance. [195,
214] Yet another MDR marker DJ-1, expressed from the park7 gene, is implicated in
various stages of cancer progression, including proliferation, metastases, as well as
chemotherapy resistance. [250] The study by Schumann et al. found that the
combination of siRNA-mediated suppression of DJ-1 protein and low-dose cisplatin was
effective in reducing the growth of ovarian cancer cells in vitro and in vivo (Figure 4).
[251] Furthermore, DJ-1 siRNA in combination with targeted photodynamic therapy,
incorporating a photosensitizing agent phthalocyanine, allowed complete eradication of
ovarian cancer cells in the intraperitoneal model of ovarian cancer in nude mice. [209]
These two research papers indicate that the targeting of DJ-1 constitutes a potentially
valuable strategy for addressing ovarian cancer progression and chemotherapy
resistance. Therefore, the downregulation of DJ-1 demonstrated promising outcomes in
pre-clinical investigations and may offer novel therapeutic alternatives for individuals

who have ovarian cancer.
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Figure 4. A nanoparticle-based siRNA therapy combined with cisplatin effectively
suppresses DJ-1 protein to treat metastatic ovarian cancer: The siRNA-mediated
suppression of DJ-1 protein, combined with low-dose cisplatin, effectively inhibited
ovarian cancer cell growth in nude mice. While cisplatin is known to induce DNA double-
strand breaks (DSBs) and generate reactive oxygen species (ROS), the siRNA approach
targeting DJ-1 mRNA translation potentially resulted in a decreased ability of cancer cells
to counteract ROS action, leading to a reduction in DJ-1-dependent enhancement of cell
survival. Therefore, the therapeutic approach as the one described in [251] could serve
as antineoplastic therapy sensitizer.

In addition to combinatorial sSiRNA-chemotherapeutic treatments, siRNA
therapeutics were successfully combined with hyperthermia for the potentiation of
cytotoxic responses in gynecological cancers. For instance, inhibition of genes
associated with heat shock protein 70, Hsp70, encoded by hspa6, was employed to
sensitize ovarian cancer to magnetic fluid hyperthermia (MFH). [252] siRNA-mediated
inhibition of another heat shock protein Hsp26, encoded by hspb1 gene, sensitized
ovarian cancer cells to hyperthermic intraperitoneal chemotherapy (HIPEC).
Furthermore, yet another target, connective tissue growth factor (CTGF), is involved in
glycolytic activity rescue after hyperthermic shock; therefore, silencing of CTGF halts
cellular ability to recover, leading to cell death. [253] Therefore, ctgf downregulation

using nanoparticle-based technology delivering anti-ctgf siRNA led to increased
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apoptosis of ovarian and uterine cancer cell lines and tumors in the ovarian orthotopic

mouse model subjected to hyperthermia treatment. [253]

Stand-alone siRNA nanoparticle therapies provide promising results in treating
gynecological cancers. siRNAs have been employed to decrease the expression of
cancer-related genes since siRNA may rapidly degrade target mRNA without requiring
nuclear entry. [254] This therapeutic modality is especially relevant to genes once
considered "undruggable." For instance, human papillomavirus (HPV) oncoproteins E6
and E7 are well-characterized as causative agents for cervical cancer. [255] E6
promotes the degradation of p53 preventing infected cell cycle arrest and apoptosis,
while E7 binds to the retinoblastoma protein (pRb) and prevents pRb complex formation
with transcription factor E2F leading to the absence of transcriptional repression and
proliferation dysregulation. [256] Importantly, sSiRNA-mediated E6 and E7 knockdown
suppressed cervical tumor growth and increased cancer cell apoptosis in both in vitro
and in vivo mouse models of HPV-positive cervical cancer. [185-189, 191-194] In
ovarian cancer models, multiple genes were targeted to reduce tumor growth,
angiogenesis, and metastatic potential proving siRNA as a promising single-drug
therapeutic modality. For instance, dysregulation of the Notch-VEGF axis was
implicated in cancer angiogenesis and associated with decreased survival in ovarian
cancer patients. [257] Targeting and downregulation of Notch and its ligands lead to
reduced proliferation and increased apoptosis of ovarian cancer cells. [205, 220, 234]
Direct targeting of vascular endothelial growth factor (VEGF) in vivo gave promising
results of decelerated tumor growth and decreased tumor size in a nude mouse model

of ovarian cancer. [227] Furthermore, VEGF was successfully silenced in combination
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with kinesin spindle protein (KSP) knockdown. [258] Liposomal formulation aiming to
deliver anti-ksp siRNA allowed substantial growth suppression of ovarian cancer
tumors, mirroring a successful silencing of VEGF/ksp in hepatocellular carcinoma that

reached human trials. [221]

The success of single-agent siRNA therapeutics is not surprising, since siRNA
nanoparticle therapy has several advantages over traditional chemotherapy. Utilizing
nanoparticles for siRNA administration enables a regulated and prolonged release of
siRNA molecules and assists in reducing off-target effects, which may be a substantial

impediment in cancer treatment. [259]

3.3.3 miRNA therapies

Another non-coding RNA therapy approach utilizes microRNA (miRNA) for
cancer therapeutics. miRNAs are a form of short non-coding RNAs that are a potential
therapeutic target for gynecological cancers. These small molecules play an important
role in gene expression regulation and are altered in a variety of gynecological
malignancies, including ovarian, cervical, and endometrial cancers. miRNAs for cancer
therapies entail either suppressing the expression of oncogenic miRNAs or increasing
the expression of tumor suppressor miRNAs, resulting in a novel and targeted method
for treating malignancies. For instance, plasmid encoding microRNA miR-let-7c-5p,
characterized by tumor suppressive properties, was functionalized using biodegradable
silica nanoparticles for delivery to HelLa cells. [260] The treatment developed by Shao et
al. showed promising results in inhibiting the growth of cancer cells, not through
traditional cytotoxic effects, making it a potential candidate for a systemic treatment

approach. Similarly, miR-499a-5p encapsulated in exosomes decreased endometrial
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cancer proliferation in vitro using human endometrial cancer cell lines, including
Ishikawa, HEC1A, and AN3CA, and in vivo using nude mice bearing Ishikawa cell
xenografts. [261] Since exosomes are endogenous liposome-like structures that share
chemical and physical properties with liposomes, miR-499a-5p technology could benefit
from a liposomal modality for delivery to cancer cells. [262] Gandham et al. proposed
Let7b miRNA hyaluronic acid nanoparticle therapy for treating relapsed and multidrug-
resistant epithelial ovarian cancer. [263] Let7b miRNA intraperitoneal co-delivery with
paclitaxel was tested in the ID8-VEGF murine ovarian cancer model. ID8-VEGF cells
overexpressing VEGF were utilized for tumor burden assessment and evaluation of
Let7b miRNA therapeutic efficacy. This combinatorial treatment with paclitaxel
decreased VEGF levels in the peritoneal fluid compared to monotherapy indicating
decreased ID8-VEGF cellular proliferation. Some miRNAs have an oncogenic effect and
require silencing using an anti-miRNA approach. For instance, Ysrafil et al. developed
anti-miRNA-324-5p therapy functionalized by chitosan nanoparticles to decrease the

proliferation of SK-OV-3 cells. [264]

Both anti-oncogenic and pro-tumor suppressive miRNA therapies show
promising results in pre-clinical studies and hold the potential to become an effective
treatment option for various types of cancers. Moreover, miRNA and siRNA
combinatorial therapies can advance innovative gene silencing methods. For instance,
combining the upstream tumor suppressive miRNA and anti-oncogenic siRNA both
targeting the EphA2 receptor resulted in superior silencing outcomes decreasing tumor
growth in ovarian cancer. [265] Given the similarities of sSiRNA and miRNA therapeutic

modalities, using miRNA as cancer therapeutics offers several benefits, including
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selective targeting, reduced side effects, potential for combinatorial therapy, and
therapeutic entrainment of cancer pathways, making it a promising therapeutic option
for treating gynecological cancers.
3.4 Nucleic acid therapies for management of malignant ascites in
advanced gynecological cancers

Gynecological malignant ascites refers to the accumulation of fluid in the
abdominal cavity. The presence of ascites is often indicative of the advancement of
disease to malignancy with peritoneal involvement and the formation of extrapelvic
metastases. [266] The fluid buildup is caused by the spread of cancer cells into the
peritoneal cavity, which contains both adherent and non-adherent cancer cell clusters.
[267] Malignant ascites can cause significant discomfort and impair the quality of life for

the affected patients. [268, 269]

Treating malignant ascites in gynecological cancers has several challenges.
Malignant ascites can be difficult to diagnose due to the related non-specific symptoms,
which can mimic other conditions. [270] Difficulty in diagnostics can lead to a delay in
treatment and progression of the disease. Malignant ascites is often hard to treat with
surgical intervention due to the wide dissemination of cancer clusters. Furthermore,
gynecological cancers, such as ovarian and endometrial cancers, are often associated
with ascites resistant to chemotherapy. Chemotherapy resistance makes it difficult to
decrease cancer progression and can result in a poorer prognosis for the patient. [269]
Moreover, malignant ascites can rapidly progress, leading to an uncontrolled

deterioration of the patient's condition. [268, 269]
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Currently, treatment options for malignant ascites are limited, and those that are
available often have low efficacy. For example, diuretics can help remove excess fluid,
but they do not address the underlying malignant cells in the suspension of the
accumulating fluid and therefore are contraindicated. [271] The implications of these
challenges are significant, as malignant ascites can cause significant morbidity and
impact the quality of life of patients with gynecological cancers. In addition, ascites can
reduce the effectiveness of other treatments and limit the options available to the
patient. Therefore, it is essential to develop new and effective therapies for malignant
ascites in gynecological cancers, as well as provide early diagnosis to improve patient
outcomes. In the realm of cancer therapy, cutting-edge nucleic acid-based therapeutics
have emerged as a strategy for selectively targeting genes that drive cancer growth and
contribute to the spread of malignant ascites. However, the existing research on nucleic

acid therapeutics aimed at treating malignant ascites in gynecological cancers is limited.

The development of malignant ascites is often linked to the process of epithelial-
mesenchymal transition (EMT), in which cancer cells lose their epithelial characteristics
and acquire mesenchymal features, such as enhanced mobility and invasiveness.
These mesenchymal cells can then detach from the primary tumor and disseminate into
the peritoneal cavity, developing malignant ascites. Conversely, during mesenchymal-
epithelial transition (MET), mesenchymal cells regain their epithelial properties,
including cell-cell adhesion and polarity. Nucleic acid therapeutics can target malignant
ascites by reversing the cancer cell phenotype from mesenchymal to epithelial. This
reversal is achieved by manipulating specific genes and pathways involved in the EMT

process and inhibiting their expression or activity.
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For instance, miRNAs can target specific mMRNAs that are involved in EMT,
leading to their degradation and the suppression of EMT-related gene expression. In a
recent study, anti-Let7b miRNA therapy not only decreased the tumor burden of multi-
drug resistant cancer, but also led to the absence of ascitic fluid in the peritoneum of
treated mice. [263] Research demonstrated that heightened levels of vascular
endothelial growth factor (VEGF) are implicated in the peritoneal spread of ovarian
cancer, which can ultimately lead to the proliferation of tumors within the peritoneal
cavity and the subsequent formation of malignant ascites. [272] Anti-Let7b miRNA
monotherapy therapy led to 2.2-fold decrease in VEGF levels in ascites and,
consequently, decreased ascites in the peritoneal cavity. [263] Furthermore, a
downregulation of E-cadherin and an upregulation of vimentin and N-cadherin are well-
known hallmarks of EMT. [273] In orthotopic murine ovarian cancer models, liposome-
mediated administration of miR-506 induced E-cadherin and inhibited tumor growth.
[274] This finding was corroborated in the study using liposome-mediated delivery of
miR-506 to an EOC murine model resulting in decreased EOC dissemination, as well as
shifting EOC from a more aggressive metastatic mesenchymal phenotype to an
epithelial phenotype. [275] It was evidenced by increased expression of E-cadherin and

decreased expression of vimentin and N-cadherin induced by miR-506 treatment.

Additionally, mRNA therapies can induce the overexpression of genes that
promote the shift toward MET. My own studies detailed in Chapter 4 highlight
nanoparticle-based follistatin mMRNA therapy to stimulate the shift from EMT to MET in
metastatic ovarian cancer cells. We demonstrated that follistatin, a protein that

regulates activin and myostatin signaling, can effectively inhibit EMT by suppressing
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TGF-B-related signaling pathways, which are known to promote EMT. The induced shift
from EMT to MET phenotype was associated with a reduction in tumor size and an
increase in survival in a mouse model of ovarian cancer. These results demonstrate the
potential of this therapy as a strategy for treating metastatic ovarian cancer and other

cancers that undergo EMT.

Furthermore, it is worth noting that siRNA therapy has the potential to target
genes that promote fluid accumulation, including highly-cited genes such as VEGF,
leptin, and IL-10, among others. [276-278] There is a scarcity of literature on the use of
siRNA-based single-agent therapeutics for treating gynecological cancers characterized
by ascites. A few articles reported the utilization of single-agent siRNA therapeutics for
hindering metastasis-driving processes in ovarian and uterine cancers. For instance,
siRNA therapy decreased mesothelial interaction, migration, and invasion in ovarian
cancer stem cells. This outcome was achieved by downregulating p70S6 kinase using
siRNA dendriplex nanoparticles. [206] P70S6 kinase induces stem cell-like properties in
cancer cells and acts as a downstream regulator of mTOR. siRNA-mediated
downregulation of P70S6 kinase gave promising outcomes in in vitro and in vivo
experiments. Another target, AXL receptor tyrosine kinase, is involved in the metastasis
and propagation of both ovarian and uterine cancers. AXL downregulation using the
P5RHH siRNA delivery platform yielded a decrease in metastases and invasion in
ovarian and uterine cancer xenograft mouse models. [199] siRNA-mediated
downregulation of claudin-3 not only decreased tumor burden, but also <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>