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Ovarian cancers are a complex and heterogenic group of malignancies that are difficult to detect, diagnose and treat. Fortunately, considerable knowledge of ovarian cancer specific biomarkers has been generated, that is pertinent to the development of novel theranostic platforms by combining therapies and diagnostics. Genomic and proteomic data has been invaluable in providing critical biomolecular targets for ovarian cancer theranostic approaches. Exploitation of the wealth of biomarker research that has been conducted offers viable targets as beacons for ovarian cancer detection, diagnosis, and therapeutic targeting. These markers can be used in theranostics, a treatment strategy that combines therapy and diagnostics and is common in nuclear medicine, where radionuclides are used for both diagnosis and treatment. The development of theranostics has taken substantial focus in recent years in the battle against ovarian cancer. Yet to date only one theranostic technology has emerged in clinical practice. However, given the wealth of ovarian cancer biomarkers the field is poised to see the emergence of revolutionary disease treatment and monitoring outcomes through their incorporation into the development of theranostic strategies. The future of ovarian cancer treatment is set to enable precise diagnosis, targeted treatment, and vigilant monitoring. This review aims to assess the status of ovarian cancer diagnostic tools and biomarkers in practice, clinical development, or pre-clinical development, highlighting newly emerging theranostic applications.
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1 INTRODUCTION
Ovarian cancer comprises several subclasses of heterogeneous and aggressive malignancies that pose a significant health challenge to women worldwide (Eisenhauer et al., 2018). Ovarian cancer is the fifth most common cancer in women, and the second most common gynecological cancer (Arora et al., 2023). Globally, approximately 300,000 new cases and 185,000 deaths were attributed to ovarian cancer in 2020 (Inggriani et al., 2023) . In 2040, nearly 42% more women worldwide are predicted to be diagnosed with ovarian cancer, bringing the total number of new cases to over 445,000 (Zoń and Bednarek, 2023). Despite advances in cancer care, ovarian cancer remains a major contributor to cancer-related deaths among women (Ferlay et al., 2015; Cabasag et al., 2022).
The pathogenesis of ovarian cancer is complex with several subtypes (Zhao et al., 2023). Epithelial ovarian cancer (EOC) accounts for about 90% of cases (Sung et al., 2023) and is grouped into type I and type II grades based on distinct molecular and clinical characteristics (Grabowska-Derlatka et al., 2023). Type I EOCs comprise low-grade serous, mucinous ovarian carcinomas, ovarian endometrioid and ovarian clear cell carcinomas (Li et al., 2023) that are thought to develop from benign cysts, often associated with endometriosis (Hsieh et al., 2023; Saida et al., 2023). Type I EOCs are less aggressive than type II EOCs, usually presenting at an early stage of the disease pathogenesis (Jayson et al., 2014). Type II EOCs are more aggressive high-grade serous carcinomas and are often diagnosed in the late stage, and are responsible for the majority of ovarian cancer-related deaths (Stewart et al., 2019; Babaier and Ghatage, 2020; Grabowska-Derlatka et al., 2023).
Despite the distinct characteristics and aggressiveness of type I and type II EOCs, the diagnosis of ovarian cancer remains a significant challenge (Huang et al., 2023). The symptoms of ovarian cancer, include abdominal bloating, pelvic or abdominal pain, difficulty eating, and urinary urgency (Brain et al., 2014). These early symptoms are non-specific and can be overlooked by patients through misattribution to other pathologies. This often results in late medical examination, delaying both diagnosis and effective treatment (Rampes and Choy, 2022; Huang et al., 2023). Diagnosis requires a combination of imaging approaches, blood-based screens, and histopathological studies that require invasive biopsies or surgeries (Rubin et al., 2020; Sun et al., 2020; Tuncer et al., 2020). Traditional imaging methods, such as transabdominal and transvaginal sonography (Miao et al., 2023), computed tomography (CT) (Kryzhanivska et al., 2023), magnetic resonance imaging (MRI) (Zhang et al., 2017), positron emission tomography (PET) (Li et al., 2023), and color doppler imaging (Wang et al., 2023) are often not sensitive enough to detect ovarian cancer early or to accurately assess the extent of the disease (St Lorenz et al., 2023). Additionally, the technical limitations of these imaging techniques in assessing tumor characteristics and metastasis can lead to misdiagnosis or inaccurate staging (Suppiah, 2018). Furthermore, the high cost of these diagnostics and the absence of a well-defined detection point often lead to delays in diagnosis, further compromising treatment outcomes (Zhang et al., 2023). Hence there is an urgent need for the development of more effective diagnostic platforms and strategies.
Biomarkers, which are related to the altered cellular biology that underpins disease pathogenesis, have become integral to cancer therapeutics, aiding in various stages of a patient’s diagnostic and therapeutic process. Looking ahead, biomarkers are expected to be increasingly utilized in liquid biopsies and multiple samplings to delve deeper into tumor heterogeneity and identify drug resistance mechanisms (Louie et al., 2021). Further to this there is a push to couple these emerging diagnostic tools with therapeutic solutions to produce theranostic agents capable of assisting the detection, monitoring and treatment of ovarian cancers.
The conventional management of ovarian cancers involves a multimodal approach, utilizing surgery, chemotherapy, targeted therapies and in some cases, immunotherapy (Agyemang et al., 2022). As illustrated in Figure 1, treatment decisions are informed by diagnosis and imaging, integrating factors such as disease stage, histological subtype, patient’s age and overall health, and the presence of specific molecular markers (Morrison et al., 2012). Surgery is the cornerstone of ovarian cancer treatment and aims at removing as much tumor tissue as possible (Morrison et al., 2012), whilst chemotherapy and in some cases small molecule-based therapies (Figure 1) are commonly used as neoadjuvant and adjuvant treatment in conjunction with surgery (Kuroki and Guntupalli, 2020; Coleridge et al., 2021). Combination therapies, and the use of intraperitoneal chemotherapy, have shown improved survival rates in certain patient populations (Pasqual et al., 2023). Recently, immunotherapy (Figure 1) has become an emerging treatment option that enables immune cells to recognize and attack cancer cells (Ou et al., 2023). These therapies are designed to specifically target molecular alterations present in cancer cells.
[image: Figure 1]FIGURE 1 | Schematic diagram representing the currently integrated diagnostic, imaging, and therapeutic approaches in ovarian cancer.
Despite advancements in diagnostics, ovarian cancers remain difficult to treat, with a 5-year survival rate from advanced-stage disease of only 40% (Yang et al., 2023). Therefore, there is a need for new and more effective treatments that are tailored to the specific subclass of each patient’s tumor. Additionally, better methods to monitor recurrence are required. These needs can potentially be met by developing efficient personalized medicines and theranostic agents. Targeting ovarian cancer-specific molecular signatures could revolutionize ovarian cancer management by improving platforms for early detection and facilitating the monitoring of treatment responses (Khetan et al., 2022). Nanomedicines with high encapsulation capacity for therapeutic and diagnostic agents (Figure 1) have the potential to address the limited densities of specific molecular markers expressed on cancer cells and enable early diagnosis and effective treatment (Pardeshi et al., 2023). The amalgamation of both therapeutic and diagnostic elements within a single theranostic agent is increasingly attractive. Agents which feature these two properties have been established using various radioisotopes (Figure 1) and currently exist for a variety of cancers such as neuroblastoma ([131I]metaiodobenzylguanidine) and thyroid cancer (123I/131I). The theranostic capability to provide therapeutic benefit whilst reporting on disease status, such as tumor location and size (Maity et al., 2022) is paramount to the development of effective treatment strategies for ovarian cancer (amongst other diseases). This is exemplified by the incorporation of imaging modalities into targeted drug delivery systems, such as antibody-drug conjugates (ADCs), which contribute an ability to visualize the distribution of the ADCs within tumors (Minnix et al., 2020).
In the field of targeted cancer therapy, several challenges need to be addressed to enhance the potential of theranostics. The first challenge is the targeted delivery of theranostic agents with cytotoxic payloads (conventional chemotherapeutic agents) to tumor sites (Tsourkas, 2019). The second challenge is the reliance on the enhanced-permeability-retention (EPR) effect for the accumulation of systemically administered nanoparticle-based drug delivery systems within tumor tissue, which is driven by passive diffusion and facilitated by ‘leaky’ tumor vasculature (Amraee et al., 2023). The third challenge is the need for active targeting, utilizing high-affinity molecules like antibodies, antibody fragments, and peptides, to achieve targeted drug and theranostic delivery to ovarian cancer cells (Slastnikova et al., 2018; Todaro et al., 2023). This approach offers a high degree of cell-specific selectivity and a pathway for active cellular internalization. However, initial delivery often relies on the passive targeting of tumors via the EPR effect when using a nanoparticle system (Anani et al., 2021). The fourth challenge is the presence of additional biological barriers, such as the desmoplastic tumor microenvironment and increased interstitial pressure, which must be overcome to realize truly efficient passive tumor targeting using nanoparticle delivery systems (Jain, 2012). The fifth challenge is the need for optimization of nanoparticle size and stability (circulation time) to progress towards the development of successful treatment strategies (Nakamura et al., 2016). Lastly, the incorporation of motifs to target and trigger the active internalization of these nanoparticles is a promising approach to overcoming the “binding site barrier” and improve targeted drug delivery (Anani et al., 2021). However, this also presents a challenge that needs to be addressed.
Whilst still in the early stages of development, theranostics have the potential to revolutionize the diagnosis and treatment of ovarian cancer to address several unmet needs in ovarian cancer care. This review focuses on recent developments in emerging biomarkers for ovarian cancer theranostic development. By comprehensively analyzing studies, clinical trials, and pre-clinical research, we aim to highlight the feasibility of these biomarkers in bridging the gap between diagnosis and treatment, ultimately advancing ovarian cancer management, and improving treatment outcomes.
2 OVARIAN CANCER DIAGNOSIS
The diagnosis of ovarian cancer has seen significant progress, driven by the integration of biomarkers and advanced imaging techniques (Li and Wang, 2023). For instance, a combination of mucin 16 (MUC16 also known as carbohydrate antigen 125 or CA-125), with pelvic ultrasound achieved a higher specificity for ovarian cancer detection (Niu et al., 2023), and the synergy of MUC16 and human epididymis protein 4 (HE4) biomarker testing with transvaginal sonography has contributed to enhanced ovarian cancer screening (Stewart et al., 2019). These advancements have reformed our approach to diagnosing ovarian cancer, providing valuable insights into disease prognosis, and treatment strategies.
With the increasing demand for personalized treatment, the role of novel biomarkers has the potential to enhance the prediction and diagnostic approach towards disease control. Numerous studies have underscored the significance of biomarkers, such as protein molecules, nucleic acids, and genetic alterations, which are currently in practice, or in various stages of pre-clinical or clinical development.
2.1 Implementation of biomarkers in current clinical practice
There are a variety of biomarkers that are currently utilized in clinical practice to detect and predict different stages of ovarian cancer (summarized in Table 1). One of the most notable diagnostic biomarkers is MUC16 (Ferrer, 2023), which is widely used in ovarian cancer assessment, however, it has limited use as an independent endpoint for drug treatment selection (Herzog et al., 2017). MUC16’s specificity is hampered by its elevation in various non-cancerous conditions, such as endometriosis, cirrhosis, menstruation, pregnancy, pelvic inflammation, and uterine leiomyomata (Atallah et al., 2021). Due to these limitations, MUC16 as a standalone marker for ovarian cancer detection is not recommended (Liu et al., 2023). HE4 is another commonly used ovarian cancer biomarker with comparable sensitivity to MUC16 when detected in serum (Bilgi Kamaç et al., 2023; Washington et al., 2023). Moreover, HE4 is resistant to peritoneal irritation and therefore produces fewer false-positive findings when used to distinguish between malignant and benign pelvic masses (Lycke et al., 2021). Various combinations of biomarkers have shown promise in the development of more reliable ovarian cancer screening tools, which are also amenable to early ovarian cancer detection. Notably, OVA1® is a United States (US) Food and Drug Administration (FDA) approved test, which includes apolipoprotein A-I (APOA1), transthyretin (TTR), transferrin (TF), β2-microglobulin (B2M), along with MUC16, and has demonstrated effectiveness in detecting early-stage ovarian cancer (Zamanian-Daryoush and DiDonato, 2015). Additionally, multiplexed magnetic nanoparticle-antibody conjugates combining MUC16, B2M, and APOA1 achieved high sensitivity (94%) and specificity (98%) in distinguishing early-stage ovarian cancer patients from healthy individuals (Pal et al., 2015). In addition, the combination of TTR and APOA1 with MUC16 and TF has shown a 96% overall sensitivity for early detection of ovarian cancer (Nosov et al., 2009).
TABLE 1 | Biomarkers in clinical use.
[image: Table 1]Folate receptor alpha (FOLR1), which is a glycosylphosphatidylinositol-anchored glycoprotein has emerged as a promising biomarker for the detection of ovarian cancer, exhibiting notable potential and versatility in clinical applications (Leung et al., 2013; Bax et al., 2023). Serum analysis has revealed elevated levels of FOLR1 in patients with ovarian cancer compared to those with benign gynecological conditions and healthy controls (Zhang et al., 2022). FOLR1 demonstrates considerable diagnostic value, surpassing the performance of other serum biomarkers. As an epithelial cell surface receptor, FOLR1 or its components may be shed into the circulation, making it a viable candidate as a serum marker for ovarian cancer (Bax et al., 2023). One of the significant features of FOLR1 is its high binding affinity for folic acid and its derivatives (Gandidzanwa et al., 2023). In 2022, the US FDA granted accelerated approval for mirvetuximab soravtansine-gynx (MIRV) alongside the companion diagnostic device VENTANA FOLR1 (FOLR-2.1) RxDx for the treatment of adult patients with FOLR1-positive ovarian cancer (Dilawari et al., 2023). The use of folate-conjugated fluorescent dyes and radiolabels for tumor imaging is a groundbreaking advancement in ovarian cancer detection and treatment (Azaïs et al., 2016). These tools not only provide surgeons with real-time intraoperative imaging guidance, enhancing surgical precision, but also serve as versatile diagnostic tools, enabling more accurate and comprehensive tumor characterization (Hekman et al., 2017; Numasawa et al., 2020; García de Jalón et al., 2023). This dual functionality significantly improves the clinical management of ovarian cancer, paving the way for more personalized and effective treatment strategies.
Several traditional biomarkers have demonstrated significant potential in theranostics. For instance, TTR is associated with cancer and its presence in ascitic fluid (Gericke et al., 2005). It is a part of thyroxine-binding globulin and albumin, responsible for transporting thyroid hormones in the bloodstream and is involved in vitamin A metabolism. Another biomarker, APOA1 is a major component of high-density lipoprotein (Kim et al., 2012; Zamanian-Daryoush and DiDonato, 2015). Higher APOA1 mRNA levels in pre-chemotherapy effusions from advanced-stage ovarian cancer patients are observed to be an independent prognostic marker with longer overall survival (Tuft Stavnes et al., 2014). B2M is a small, non-glycosylated polypeptide (Hofbauer et al., 2021) elevated in ovarian cancer and critical to mediating tumorigenesis, metastasis, and angiogenesis through various signaling pathways (Sun et al., 2016). B2M elevation is often associated with increased cell proliferation, making B2M a valuable biomarker for ovarian cancer diagnosis. However, the clinical development of TTR, B2M and APOA1 as biomarkers for ovarian cancer is still ongoing.
2.2 Biomarkers in clinical development
Numerous biomarkers are currently under investigation for the targeted approach towards early diagnosis and prediction of different tumor stages of ovarian cancer (summarized in Table 2). Chitinase-3-like protein 1 (CHI3L1), also known as YKL-40, is suggested to have potential as a superior marker to MUC16 for the early diagnosis of EOC (Høgdall et al., 2009; Zou et al., 2010). CHI3L1 is involved in extracellular matrix degradation and promotion of angiogenesis through a vascular endothelial growth factor (VEGF)-independent pathway (Kotowicz et al., 2017). In vitro studies have revealed its association with VEGF upregulation and tumor angiogenesis, while animal studies have demonstrated that inhibiting CHI3L1 leads to reduced angiogenesis, tumor development, and metastasis (Shao, 2013; Kahramanoğlu et al., 2018). Recent research has revealed that both neutrophils and tumor cells can express and release CHI3L1 into the bloodstream, resulting in elevated serum levels in several cancer types (Zhao et al., 2020). Kahramanoğlu et al. (2018) suggest that preoperative serum levels of CHI3L1 in patients with serous EOC were significantly higher than those with benign ovarian tumors. This finding suggests that CHI3L1 may serve as a better predictor of ovarian cancer compared to MUC16, with moderate-to-high sensitivity (80%) and specificity (70%) when a specific cutoff level is applied (Kahramanoğlu et al., 2018; Deveci et al., 2019).
TABLE 2 | Biomarkers in clinical development.
[image: Table 2]Vascular endothelial growth factor receptors (VEGFRs) are a family of transmembrane tyrosine kinase receptors involved in signal transduction pathways to control vascular development of ovarian cancer (Babaei et al., 2023a). VEGFR3 is overexpressed in ovarian cancer cell lines promoting cell growth (Babaei et al., 2023b) and has been identified as a biomarker with potential for the diagnosis and prognosis of ovarian cancer (Klasa-Mazurkiewicz et al., 2011). Moreover, VEGF is a key mediator of angiogenesis and plays a significant role in ovarian cancer development by promoting the recruitment and proliferation of endothelial cells within the tumor (Liang et al., 2015). Elevated levels of VEGFA are associated with increased formation of new blood vessels in tumor tissue, and have become an important factor contributing towards improved accuracy of ovarian cancer diagnosis (Liang et al., 2015).
Mesothelin (MSLN) is a membrane-bound surface glycoprotein that has emerged as a promising candidate for ovarian cancer diagnosis (Rump et al., 2004). Unfortunately, its use is limited as a standalone target with a sensitivity of only 68%, raising concerns about its reliability for early detection (Madeira et al., 2016). Despite its limitations as a standalone marker, MSLN’s potential should not be overlooked since it could significantly enhance diagnostic accuracy if used in conjunction with other markers. Moreover, its potential for targeted theranostic applications could open new avenues for personalized treatment strategies in ovarian cancer patients.
Glycosylphosphatidylinositol (GPI) anchored prostasin (PSN) is a promising marker for ovarian cancer diagnosis with sensitivity and specificity as high as 92% and 94%, respectively. PSN is a trypsin-like proteinase known as a channel-activating protease that is linked to sodium regulation and inhibits cancer cell proliferation and invasion (Tamir et al., 2016). PSN was first detected within the prostate (Tamir et al., 2016), and found to be overexpressed in various EOCs (Ma et al., 2014; xiang et al., 2013). Thus, PSN could serve as a potential early detection biomarker independently of MUC16.
Cell adhesion molecules of the nectin family (Rogmans et al., 2022), and the F-actin-binding protein afadin (Hiremath et al., 2023), form homophilic and heterophilic trans-dimers which present as useful biomarkers for diagnostic, therapeutic and potentially theranostic applications (Bekes et al., 2019). Nectins play a vital role in tumor development, mediating tumorigenesis, metastasis, and angiogenesis through various signaling pathways (Boylan et al., 2016). Among the nectins, nectin-2, also known as CD112 coordinates various cellular functions critical for survival, proliferation, adhesion, migration, and differentiation (Bekes et al., 2019). The presence of nectin-4 as a blood-based marker for ovarian cancer cells implies that it is involved in regulating endothelial functions, such as migration, proliferation, and invasion (Rogmans et al., 2022).
CD24 is being studied as a candidate for the future development of targeted therapeutics (Panagiotou et al., 2022). This GPI-anchored cell adhesion protein (Tarhriz et al., 2019) is known to be overexpressed in ovarian cancer (Li et al., 2023), while barely detected in healthy tissues (Yang et al., 2023). CD24 is notably and almost universally expressed in EOC, with prevalence ranging from 70 to 100% (Nakamura et al., 2017; Kleinmanns et al., 2020). This expression pattern highlights its potential as a significant marker in the context of EOC diagnosis and targeted therapeutic strategies (Kleinmanns et al., 2020).
Similarly, sodium-dependent phosphate transporter NaPi2b also known as SLC34A2, a sodium-dependent phosphate transporter, is overexpressed in high-grade serous ovarian carcinoma (HGSOC) (Banerjee et al., 2023a). This could be promising for ovarian cancer detection and could facilitate the identification of patients who are most likely to benefit from specific targeted therapies. SLC34A2 is also regulated by PAX8, a master transcription factor associated with ovarian cancer cell survival and the development of female reproductive systems, suggesting that SLC34A2 may play an important role in tumorigenesis (Bondeson et al., 2022). SLC34A2 typically has stable expression throughout ovarian cancer disease pathogenesis and treatment, as evidenced by the consistent SLC34A2 expression observed in longitudinal tissue samples (Banerjee et al., 2023b). Utilizing SLC34A2 as a biomarker in ovarian cancer could help to address the challenges associated with early stage ovarian cancer diagnosis, which could drastically improve patient outcomes.
Lastly, human tissue kallikreins (KLKs), a family of 15 members, are expressed in various tissues including the breast, ovary, prostate, and testis (Koh et al., 2011). KLK6 and KLK10 in particular are highly expressed in ovarian cancer (Koh et al., 2011). Whilst the expression of KLKs is not specific enough for detecting disseminated disease, KLK expression aids in distinguishing ovarian cancer from other malignancies or non-malignant conditions (Oikonomopoulou et al., 2006).
2.3 Biomarkers in pre-clinical development
Newly emerging biomarkers for ovarian cancer (summarized in Table 3) include epithelial cell adhesion molecule (EPCAM), syndecans, R-spondin, and several G protein-coupled receptors (GPCRs), including the estrogen receptor GPER1, that are currently being investigated in pre-clinical studies. EPCAM, also known as CD326, is expressed in normal human epithelial cells and most epithelial tumor cells (Ding et al., 2023). EPCAM plays a crucial role in promoting cell cycle, tumor cell proliferation, migration and immune evasion in various epithelial cancers (Li et al., 2023). In ovarian cancer, EPCAM is often highly expressed in malignant tumors, correlating with poor prognosis (Tayama et al., 2017). Patients with high EPCAM expression are more likely to be chemo-resistant and suffer poor survival rates (Ibrahim et al., 2023). This makes EPCAM a promising biomarker for predicting response to chemotherapy in ovarian cancer.
TABLE 3 | Biomarkers in pre-clinical development.
[image: Table 3]Syndecans are integral transmembrane heparan sulfate proteoglycans involved in organizing cellular signaling processes at the cell surface (Hillemeyer et al., 2022). Syndecans interact with cytokines, signaling receptors, proteases, and components of the extracellular matrix, to control cellular processes such as proliferation, metastasis, angiogenesis, and inflammation (Espinoza-Sánchez and Götte, 2020). The upregulation of syndecan-3 (SDC3), has been demonstrated in various gene expression datasets, highlighting their utility in identifying the presence of ovarian cancer and even distinguishing metastatic lesions. Detecting SDC3 in ovarian cancer tissues can enable more accurate and early detection of the disease. (Kulbe et al., 2019; Guo et al., 2022; Hillemeyer et al., 2022).
Several GPCRs are overexpressed in ovarian cancer including the lysophosphatidic acid receptor (LPAR), C-X-C chemokine receptor type 4 (CXCR4), follicle-stimulating hormone receptor (FSHR) and luteinizing hormone/choriogonadotropin receptor (LHCGR) (Khetan et al., 2022). Lysophosphatidic acid (LPA) was identified as a major regulatory factor stimulating the expression of numerous genes associated with angiogenesis and metastasis of ovarian cancer (Pua et al., 2009). LPA is detected at very high concentrations in ascitic fluid and can serve as a diagnostic marker to assess disease progression and metastasis (Yu et al., 2016). LPARs are overexpressed in ovarian cancer cells and tissues, specifically, LPAR2 and LPAR3 (Khetan et al., 2022). Chemokines regulate many cellular processes, including cell migration, proliferation, and differentiation. Ovarian epithelial carcinoma specifically express the chemotactic factor C-X-C motif chemokine ligand 12 (CXCL12) and its receptor CXCR4, which have been identified as potential prognostic markers (Lim et al., 2023).
Similarly, LGR5 and LGR6 are two members of the leucine rich repeat (LGR) containing GPCRs family and are expressed on the surface of ovarian cancer tissues (Schindler et al., 2017). The high expression of LGR5 and LGR6 mRNA in HGSOCs allows them to be constantly stimulated by WNT signaling, which leads to uncontrolled cell growth and tumor development (Wong et al., 2023). R-spondins (RSPOs) are cysteine-rich secreted glycoproteins that amplify and modulate WNT signals. RSPOs are the natural ligands that bind specifically to LGR5 and LGR6, activating the WNT signaling pathway (Wong et al., 2023). Among the RSPO family, RSPO1 is overexpressed in ovarian cancer tissues and has potential as a biomarker for diagnosis and targeted therapy (Liu et al., 2019; LEE et al., 2020).
G protein-coupled estrogen receptor 1 (GPER1 also known as GPR30) is overexpressed in a variety of tissues, including the ovary, breast, and endometrium (Smith et al., 2009). GPER1 is involved in cell growth, proliferation, and differentiation, and has been identified as a biomarker for ovarian cancer diagnosis and prognosis, and a potential target for therapeutic intervention (Liu et al., 2010). Similarly, FSHR and LHCGR are predominantly found in the ovary and uterus. FSHR interacts with the follicle-stimulating hormone and is responsible for the upregulation of oncogenic pathways and increased proliferation of EOC (Bordoloi et al., 2022) whereas LHCGR interacts with luteinizing hormone and gonadotrophins, and is necessary for follicular maturation and ovulation (Kumar and Idicula-Thomas, 2023). Cheung et al. reported that higher FSHR and LHCGR expression is associated with early stage, low grade ovarian cancer and the expression is reduced in HGSOC compared to benign ovarian tumors (Cheung et al., 2020). This would indicate that these GPCRs have great potential in playing the role of biomarkers for the detection and diagnosis of ovarian cancer at several tumor stages.
3 CURRENT TRENDS OF NOVEL AND EMERGING OVARIAN CANCER THERANOSTIC TARGETS
Theranostics offer several advantages over conventional diagnostic and therapeutic approaches, such as improved accuracy, specificity, sensitivity, efficacy, safety, and personalization. This section explores some emerging biomarkers, nanomaterials and small molecules, and their prospects for the development of theranostic agents that can be used for the treatment of ovarian cancer (Figure 2).
[image: Figure 2]FIGURE 2 | Emerging theranostic approaches in ovarian cancer.
3.1 MUC16 and MSLN as a novel theranostic target combination for future ovarian cancer treatment
Abnormal levels of MUC16 expression have been observed in 99% of ovarian cancer serous carcinomas (Morales-Vásquez et al., 2016). Binding of MUC16 to MSLN is known to activate the PI3K/AKT, ERK1/2, and JNK pathways to promote cell survival, migration, and invasion (Tang et al., 2013; Faust et al., 2022). An anti-MSLN antibody has been established to reverse these effects, leading to cell apoptosis (Klampatsa et al., 2021). Like MUC16, MSLN is over-expressed in ovarian cancer with limited expression in normal tissues (Weidemann et al., 2023). A soluble proteolytic fragment of MUC16 was recently shown to specifically bind to MSLN in an N-linked glycan-dependent mode (Huo et al., 2021). This interaction promotes cell migration through a mechanism that reduces the expression of dickkopf-1 (DKK1) whilst activating the SGK3/FOXO3 pathway. Most importantly, a monoclonal anti-MSLN antibody has been successfully applied to suppress tumor growth in a murine ovarian cancer xenograft model (Huo et al., 2021). MSLN has been further validated as a potential ovarian cancer target through the engineering of several recombinant immunotoxins. For example, a chimeric protein (SS1P) was composed of a MSLN-targeted variable antibody domain (Fv) fused to a fragment of Pseudomonas exotoxin A (PEA) (Liu et al., 2020), and several clinical trials have been carried out in combination with chemotherapeutic agents (NCT04503980, NCT05963100, NCT04562298, NCT06051695, NCT03692637, NCT01583686) (Pastan and Hassan, 2014; Santin et al., 2023; Shanghai Cell Therapy Group Co.,Ltd, 2020; Shen, 2023; Shanghai East Hospital, 2022; A2 Biotherapeutics Inc, 2023; Allife Medical Science and Technology Co. and Ltd, 2019; Rosenberg, 2019). LMB-100 is a variant of SS1P using a humanized fragment antigen-binding (Fab) region and a 24 kD PEA fragment instead of the previous 38 kD fragment (the 24 kD variant lacks a B-cell epitope, evading a non-desired immune response) (Liu et al., 2022). Finally, MSLN-targeting antibodies have been labeled with 89Zr (Prantner et al., 2015; Lamberts et al., 2016) and 64Cu (Kobayashi et al., 2015) demonstrating significant accumulation in MSLN-expressing tumors, paving the path towards imaging and therapeutic applications.
The MUC16/MSLN pair is emerging as a promising target for future cell-based theranostics. A very recent approach, based on the artificial expression of an engineered receptor in T-cells, used an extracellular MSLN 296–359 amino acid fragment (MSLN296-359) fused to an intracellular 4-1BB immune checkpoint molecule and a CD3ζ signaling fragment via a transmembrane sequence (Zhao et al., 2023). The intracellular 4-1BB and CD3ζ protein domains were shown to be activated in T-cells when MSLN296-359 bound successfully to MUC16 on ovarian cancer cells. This approach was further combined with a chimeric antigen receptor T (CAR-T) cell to artificially co-express the same chimeric receptor but with an extracellular MUC16-targeting single-chain variable fragment (scFv), instead of the MSLN296-359 fragment. Simultaneous expression of both receptor constructs was shown to synergistically drive T-cell mediated ovarian cancer cell killing (Zhao et al., 2023). Given the high specificity and selectivity of MUC16 and MSLN as diagnostic markers, they have very high potential as theranostic targets to diagnose, treat, and monitor ovarian cancers (Zhao et al., 2023).
3.2 FOLR1 is currently the only fully validated theranostic ovarian cancer target
MIRV is the first FDA-approved ADC targeting FOLR1 for the treatment of platinum-resistant ovarian cancer (Matulonis et al., 2023). In combination with the immunohistochemistry-based VENTANA FOLR1 (FOLR-2.1) RxDx assay, eligible patients for FOLR1 targeted treatment can be identified, leading to better stratified and more effective treatment. Numerous clinical trials with anti-FOLR1 antibodies are currently ongoing (NCT05870748, NCT05001282, NCT04274426, NCT05887609) (Banerjee et al., 2022; AGO Research GmbH, 2023; Elucida Oncology, 2023; ImmunoGen and Inc, 2023; Sutro Biopharma and Inc, 2023; Sutro Biopharma and Inc, 2023; University of Colorado and Denver, 2023). These includes farletuzumab, which demonstrated anti-tumor activities with significant improvements compared to standard chemotherapy (Herzog et al., 2023). The ADC MORAb-202, combining farletuzumab with the small molecule microtubule inhibitor Eribulin, has also demonstrated anti-cancer efficacy (Sakai et al., 2021). Additionally, other strategies like CAR-cytokine-induced killer (CIK) cell therapy targeting FOLR1 have shown promising results in pre-clinical studies (Zuo et al., 2017). CAR-CIK cells are engineered to recognize and attack tumor cells that express FOLR1 and effectively kill ovarian cancer cells in vitro and in vivo. Moreover, CAR-CIK cells were more potent than CAR-T cells in killing ovarian cancer cells (Song et al., 2016). TNB-928B is a novel T-cell engager with enhanced safety and specificity for the treatment of ovarian cancer. It has a bivalent binding arm for FOLR1, which allows it to selectively target FOLR1-overexpressing tumor cells. TNB-928B has been shown to induce preferential effector T-cell activation, proliferation, and selective cytotoxic activity on high FOLR1 expressing cells (Avanzino et al., 2022).
3.3 Potential of miscellaneous biomarker candidates to advance from clinical development to theranostic applications
CHI3L1 is implicated in promoting ovarian cancer cell proliferation, invasion, migration, tumor angiogenesis, chemoresistance, and has significant potential as a theranostic target (Shao et al., 2009). While CHI3L1 antibodies have high affinity for EOC cells, they do not directly induce apoptosis in vivo as a stand-alone (Chang et al., 2022). However, conjugating the antibodies with a therapeutic radionuclide Lu-177 complex has been shown to enhance its stability and anti-tumor efficacy in a mouse xenograft model. Monitoring of therapeutic responses has been demonstrated with nanoSPECT/CT® using a diethylene triaminepentaacetic acid (DTPA) chelating agent.
The nectin-afadin system, recently recognized for its role in modulating adherens junctions and tight junctions (Samanta and Almo, 2015), presents a promising avenue for a theranostic approach. VEGF stimulates nectin-2 expression leading to indirect regulation of endothelial cells (Bekes et al., 2019). A chimeric anti-nectin-2 antibody (c12G1) has been conjugated to a cytotoxic drug to demonstrate significant anti-tumor activity in ovarian cancer models (Sim et al., 2022). Another family member, nectin-4, is overexpressed in ovarian cancer tissue (Nabih et al., 2014) and plays a role in tumor cell proliferation, motility, and invasion. It also promotes angiogenesis and lymphangiogenesis, which are essential steps for cancer metastasis (Bekos et al., 2019). Nectin-4 had a higher sensitivity and specificity compared to the MUC16 standard biomarker, especially for early-stage ovarian cancer (Rogmans et al., 2022). Several strategies have been developed to target and inhibit nectin-4 activity. Enfortumab vedotin, an FDA approved ADC for the treatment of urothelial cancer (Tomiyama et al., 2020) has also shown promise in the treatment of other solid tumors, such as melanoma and breast cancer (Rosenberg et al., 2019; Shao et al., 2022). Nectin-4 may also be a promising target for imaging diagnostics and targeted radionuclide therapy. However, more research is needed to validate the feasibility and efficacy of nectin-4 targeting in the theranostic field. One such strategy is to use ADCs, which bind to nectin-4 on the surface of cancer cells and deliver a cytotoxicity payload directly to the cells. Another approach to targeting nectin-4 is to use CAR-T cells, expressing engineered nectin-4-targeting chimeric receptors. The CAR-T cells are then infused back into the patient, where they can attack and kill cancer cells that express nectin-4 (Bouleftour et al., 2022).
Immune checkpoints are regulatory molecules that modulate immune responses, primarily acting to limit excessive immune activity and maintain self-tolerance (Brom et al., 2022). Immune checkpoint inhibitors (ICIs) are small-molecule agents designed to counteract the inhibitory signals of these checkpoints. By binding to immune checkpoint molecules, ICIs can improve immune suppression, thereby enhancing the body’s natural anti-tumor immune responses (Tan et al., 2022). CD24 functions as an immune checkpoint in ovarian cancer (Gu et al., 2023), where cells evade phagocytosis by macrophages through the interaction of CD24 molecules with the inhibitory receptor sialic acid-binding immunoglobulin-like lectin 10 (Siglec-10) on tumor-associated macrophages. This interaction blocks the macrophage’s ability to engulf cancer cells (Barkal et al., 2019). However, antibody-based blockade of CD24 or Siglec-10 enhance cancer cell engulfment by macrophages, reducing tumor growth. The role of the CD24-Siglec-10 axis on suppression of anti-tumor immunity highlights its potential as a theranostic target in cancer treatment (Barkal et al., 2019).
Emerging evidence suggests that patients with high SLC34A2 levels at diagnosis tend to maintain high expression throughout their disease, emphasizing the value of timely biomarker testing (Banerjee et al., 2023b). SLC34A2 levels can be assessed using immunohistochemistry-based diagnostic assays; whereby patients with high expression can be directed toward anti-SLC34A2 ADC therapy (Kiyamova et al., 2011; Nurgalieva et al., 2021). Such ADCs are monoclonal antibodies directed against SLC34A2, linked to cytotoxic payloads. Upon binding to the tumor antigen, these ADCs are internalized to release their cytotoxic payload with high specificity into tumor cells expressing SLC34A2. This selectivity diminishes off-target toxicity which is a drawback to many conventional chemotherapies.
3.4 Assessment of experimental biomarkers as future theranostic targets
Several bispecific antibodies such as Catumaxomab, MT110 and M701 have been designed to simultaneously bind EPCAM and CD3, to induce a specific T-cell-mediated immune response against ovarian cancer cells (Li et al., 2023). Another bispecific antibody (CD73xEPCAM) binds to ovarian cancer cell surfaces in an EPCAM-directed manner and indirectly triggers anticancer T-cell activity in the tumor vicinity. The immune-boosting mechanism is mediated through selective antibody binding to CD73, thereby inhibiting its enzymatic activity, and preventing the conversion of adenosine monophosphate into immunosuppressive adenosine. CD73xEPCAM creates an immune suppressed environment around the tumor, facilitating cancer cell eradication (Ploeg et al., 2023). These findings highlight a promising strategy to use the CD73-adenosine immune checkpoint to prevent ovarian cancer cells from evading the immune system.
CXCR4 is a key contributor to cancer cell proliferation, migration, and invasion (Shi et al., 2020). LPA has been shown to enhance the expression of CXCR4 and its cognate ligand CXCL12 (Wang et al., 2014). Moreover, many cancer tissues also express high levels of LPA receptors (LPARs), most prominently LPAR2 and 3 (Bhattacharjee et al., 2023). The combination of LPAR and CXCR4-targeted therapies could also benefit from the development of a theranostic approach. Identifying patients with elevated LPA/LPAR levels and overactive CXCR4-CXCL12 signaling could provide a basis for the establishment of personalized treatments and disease monitoring strategies (Wang et al., 2014). The utilization of LPAR and CXCR4 in ovarian cancer showcases a favorable approach in both diagnosis and targeted therapy (Lim et al., 2023). Targeted interventions can disrupt LPAR and CXCR4 mediated systems and inhibit tumor growth and metastasis (Wang et al., 2014). This personalized approach involves administering therapies that specifically target the LPA-CXCR4 axis, potentially improving treatment efficacy and patient outcomes (Geraldo et al., 2021).
WNT signaling is a complex pathway that regulates many important cellular processes, including stem cell function, cell fate determination, tumorigenesis, and tumor progression (LEE et al., 2020). Various secreted WNT antagonists, such as the Cerberus protein, WNT inhibitory factor 1, secreted frizzled-related protein (SFRP), and DKK families, help regulate this pathway (Shizhuo et al., 2009). LGRs interact with RSPOs, which modulates the activity of ubiquitin ligases RNF43 and ZNRF3, enhancing WNT signaling in HGSOC (LEE et al., 2020). HGSOC exhibits an elevated expression of LGR5, LGR6, and RSPO1, pointing towards the RSPO1/LGR6 axis as a potential driver of increased WNT signaling. This axis may lead to uncovering novel therapeutic targets in the fight against ovarian cancer (Liu et al., 2019; LEE et al., 2020; Wong et al., 2023). Recent findings have revealed overexpression of DKK1 in ovarian cancer and inhibition of WNT signaling (Wei et al., 2020). However, DKK1 inhibition may not affect tumor growth in all ovarian cancer cases, but its overexpression alters anti-tumor immune populations within the tumor microenvironment, suggesting that it may be a new therapeutic target in EOC, especially when used in combination with immune-modulatory therapy (Betella et al., 2020). Developing theranostic approaches that capitalize on DKK1 and RSPO1 as therapeutic targets may pave the way for personalized treatment strategies tailored to the unique molecular profiles of ovarian cancer patients (Wang and Zhang, 2011; Klotz et al., 2022).
Signal transducer and activator of transcription 3 (STAT3) is another important transcription factor that regulates proliferation, survival, metastasis and invasion of ovarian cancer (Seo et al., 2023). From a diagnostic perspective, molecular profiling techniques can be employed to assess the activation status of the STAT3 pathway in ovarian cancer patients. This profiling includes the analysis of activated forms of STAT3 (Y705 phospho-STAT3) and the expression levels of downstream targets associated with cancer cell proliferation and survival. These molecular markers serve as diagnostic indicators, helping identify patients with persistent STAT3 activation who are suitable candidates for targeted therapy (Standing et al., 2023). From a therapeutic perspective, the novel small molecule LLL12B has emerged as a potent inhibitor of the STAT3 pathway in human ovarian cancer cells. LLL12B effectively suppresses STAT3 phosphorylation and downregulates the expression of downstream targets (Zhang et al., 2021). Beyond that, Napabucasin a STAT3 inhibitor, has demonstrated antitumor activity by inducing cell cycle arrest which triggers autophagy. This holds the potential to terminate cancer cell proliferation and survival (Liu et al., 2021).
The protein tyrosine phosphatase type IVA member 3 (PTP4A3 or PRL-3), is a dual-specificity phosphatase, with elevated expression in ovarian cancer (Mayinuer et al., 2013). PTP4A3 plays a critical role in dephosphorylating signaling molecules, such as SHP-2 phosphatase and p38 kinase (Lazo et al., 2023). Specifically, it is involved in a feed-forward loop with STAT3 (Lazo et al., 2023). The PTP4A phosphatase inhibitor, JMS-053 treatment reduces Y705 phospho-STAT3 in ovarian cancer cells. Inhibiting PTP4A3 with JMS-053 can potentially hinder the activation of STAT3. Furthermore, JMS-053 treatment rapidly increases the phosphorylation status of SHP-2 phosphatase and p38 kinase signaling which leads to cancer cell death. This highlights the potential therapeutic relevance of targeting PTP4A3 for ovarian cancer treatment. Monitoring PTP4A3 expression levels and STAT3 phosphorylation status in tumor tissues could be implemented to indicate personalized phosphatase inhibitor treatment for ovarian cancer (Lazo et al., 2023).
4 NANOPARTICLES: A PLATFORM FOR THE INCORPORATION OF DIAGNOSTIC AND THERAPEUTIC ELEMENTS
Nanomedicine has become a prominent solution to many cancer drug delivery strategies (Bhardwaj et al., 2023; Huang et al., 2023; Zhang et al., 2023). The use of specific ligands and responsive functionalities on nano-systems allows them to engage with targets and to release payloads at intended locations (Ray et al., 2017). Therapeutic nanocarriers can be comprised of liposomes, micelles, dendrimers, hydrogels, quantum dots, carbon-based nanocarriers (such as carbon nanotubes and bucky balls), and inorganic nanoparticles (i.e., silica, gold, iron oxide, and titanium dioxide based particles) (Alshawwa et al., 2022). These nanocarriers can also function as sensors, including magneto-resistive, electrical, and electrochemical sensors (Yang et al., 2022). Compared to traditional antibody-tracer conjugates, nanomaterial-based biosensors can offer superior sensitivity and selectivity due to their large surface area to volume, high conductivity, high electrocatalytic activity, and fast electron transfer rate (Eissa et al., 2022) that allow for more efficient and accurate detection of biological events, and enhanced sensitivity and selectivity, addressing the limitations of existing diagnostic methods (Foroozandeh et al., 2023; Rajaie et al., 2023).
Diagnostic approaches utilizing nano-sensors are presently being developed with responsivity to specific ovarian cancer biomarkers (Büyüktiryaki et al., 2017). Specific recognition can be achieved through the conjugation of aptamers or antibodies on the nanoparticle surface (Dhas et al., 2023). Responsive imaging agents can change properties upon interacting with cancer cells or responding to treatment (Sharma et al., 2017; Song et al., 2022). Nanoparticles can be developed to be suitable for multimodal imaging, which allows for the combination of imaging modalities, such as MRI, positron emission tomography (PET), and fluorescence imaging. Doing so can provide comprehensive real-time monitoring and information about tumor location, size, and response to treatment (Dougherty et al., 2015; Williams et al., 2018).
Nanotechnology based systems can be modified with additional combinatorial modalities such as drug encapsulation (Suardi et al., 2020), stimuli-responsive moieties (Guo et al., 2020; Zhang et al., 2020), chemical conjugation (Taheri-Ledari et al., 2022), surface tethered prodrugs (Song et al., 2019), and tracer agents (Asgari et al., 2021). Thus, nano-systems offer significant scope for the development of theranostics (Xue et al., 2021; Kashyap et al., 2023). Targeted drug delivery systems are useful vehicles for combining modalities to develop theranostic platforms, such as incorporating fluorescent dyes or magnetic nanoparticles into nanocarriers. Ideally these nanocarriers would be engineered to specifically target ovarian cancer cells or biomarkers by furnishing them with ligands that bind to overexpressed ovarian cancer receptors, ensuring selective drug delivery (Chen et al., 2014). For instance, redox-sensitive polymeric micelles containing paclitaxel have been used in the treatment of chemotherapy-resistant ovarian cancer (Mutlu-Agardan et al., 2020). These micelles have the potential for further refinement, enabling the incorporation of imaging probes, thus serving a dual role in both the diagnosis and treatment of ovarian cancer (Han et al., 2019; Zhang et al., 2023). Additionally, their visibility may be enhanced through the introduction of a radioactive isotope like fluorine-18 (18F), which could facilitate their tracking via PET imaging (Francis and Wuest, 2021). This capability may be instrumental in verifying their precise journey within the body, ensuring they reach the intended tumor site. Such redox-sensitive polymeric micelles deliver paclitaxel directly to the tumor site. In this instance paclitaxel was conjugated to a hydrophilic polymer through a disulfide linkage, forming amphiphilic unimers which assembled into stable micelles. Once within the intracellular environment these linkages are cleaved by reducing agents, such as glutathione, to disrupt the micelle and release the free drug, which elicits a potent cancer-killing effect (Mutlu-Agardan et al., 2020). Nanoparticles that are engineered to target ovarian cancer stem cells could be further enhanced by incorporation of imaging and therapeutic agents. For instance, nanoparticles could be loaded with chemotherapy drugs, such as doxorubicin, and an imaging probe, like gadolinium-DTPA (Gd-DTPA). The utilization of Gd-DTPA as an imaging probe holds the promise of making these nanoparticles visible through MRI (Deng et al., 2022; Margalik et al., 2022). This approach facilitates the tracking of nanoparticle distribution within the body, ensuring the precise location of the tumor.
An effective nano-treatment for ovarian cancer should be able to carry tailored therapeutic agents (such as chemotherapeutic drugs or siRNAs) that are specifically designed based on the patient’s specific ovarian cancer subtype and drug sensitivity (Giordo et al., 2022). The therapeutic agents should be released precisely at the tumor site, potentially with the help of responsive particles, sparing healthy tissues from cytotoxic effects. Incorporating specific targeting ligands to facilitate sub-type specific uptake of identified cancer cells would enable these systems to provide a viable platform for a personalized medicinal strategy (Liang et al., 2023). The detectability of many nanoparticle systems is particularly beneficial to the development of theranostic approaches (Shahriari et al., 2023). To ensure successful clinical translation, pre-clinical studies and clinical trials are necessary to evaluate the safety and efficacy of theranostic nano-systems (Zhang et al., 2022). These multifunctional nano-systems have the potential to revolutionize ovarian cancer management by enabling earlier diagnosis, personalized treatment regimens, and continuous monitoring of therapeutic responses (Farran et al., 2020).
5 CHALLENGES AND FUTURE PERSPECTIVES
The inter- and intra-patient heterogeneity of ovarian cancers and their associated biocomplexity pose significant challenges to the development of theranostics. These differences are mainly driven by genetic mutations, epigenetic changes, and environmental influences (Corvigno et al., 2016; de Witte et al., 2020). Tumour heterogeneity can make it difficult to accurately diagnose a specific type of cancer. Personalized treatment needs to be implemented and will heavily depend on the availability of sufficiently accurate biomarkers. The ultimate goal will be to predict how different cancer cells will respond to an ever-increasing selection of available pharmaceuticals. Whilst initial treatment might appear successful, the risk of recurrence through resistant cancer cells does remain. Refined theranostic approaches are most suitable to address these problems through accurate diagnosis, tailored treatment, and continued monitoring.
Accelerated and dedicated research into the identification of viable ovarian cancer biomarkers is required to progress clinical implementation. To bring emerging biomarkers into clinical practice, particularly with respect to developing theranostics requires rigorous validation of data from large and diverse patient populations. To achieve this standardization of biomarker testing would be essential to ensure consistent and reliable technologies across different healthcare facilities. The lack of clear regulatory guidelines and safety standards is a major challenge for the development of theranostic agents. To date, only very few theranostic agents have been approved by regulatory agencies such as the FDA (MIRV for instance). The regulatory approval process for theranostic agents is very time-consuming, because they need to be evaluated both for safety and efficacy, as well as diagnostic accuracy (Perera and Morris, 2022). However, to address this new guidance documents and clinical trial designs that are specifically tailored to consider theranostic agents have been developed (Singh et al., 2020).
Despite each of the challenges facing the emergence of new theranostic agents for ovarian cancer, the future of biomarker-driven theranostics hold great potential. Technological advancement and the identification and incorporation of critical biomarkers and targeting factors are likely to address many of these limitations. The integration of multi-omics approaches, which combine data from genomics, transcriptomics, proteomics, and metabolomics to provide a comprehensive view of the disease and reveal novel biomarkers is likely to rapidly advance this field and requires significant research investment (Clifford et al., 2018; Honar et al., 2023).
The integration of real-world data, such as patient outcomes and electronic health records, provides insights beyond clinical trials, revealing how treatments perform in diverse patient populations with comorbidities. Global collaboration among researchers, clinicians, regulators, and industry is essential for the rapid development and implementation of biomarker-driven theranostics. Sharing data, expertise, and resources globally can accelerate progress and improve ovarian cancer patient outcomes. Artificial intelligence (AI) and machine learning approaches and prominent data screening and modelling strategies which have contributed to the advancement of cancer research (Escudero Sanchez et al., 2023). Advanced algorithms have been developed to analyze large datasets, identify subtle patterns and predict patient outcomes with remarkable accuracy (Lu et al., 2020; Liu Y. et al., 2023; Yao et al., 2023; Zhan et al., 2023). These AI-powered models can help clinicians make more informed and personalized treatment decisions. For example, AI can be used to predict the success of immunotherapies based on the expression of extracellular matrix proteins (Geng et al., 2023). Further advancement of AI and machine learning approaches implemented within this field of research could lead to more effective and personalized immunotherapy treatments, amongst other diagnostic, therapeutic and theranostic solutions.
Despite challenges in incorporating emerging biomarkers into clinical practice for ovarian cancer theranostics, ongoing research and technological advancements are converging to enable the development of viable diagnostics, therapeutics, and their combined utility in theranostics. Research guided by the growing knowledge of key biomolecular targets in this field shall not only revolutionize ovarian cancer diagnostics, allowing for earlier critical detection but also develop the field of tumor specific personalised therapies. This is of critical importance to ovarian cancer, particularly due to the heterogenic nature of the disease. Further the advancement of nanomedicine provides a strong basis for the development of highly specialised multimodal particles, which will not only benefit diagnostics and drug delivery but also allow for the combination of these features to develop revolutionary theranostic technologies which are highly versatile and tailorable to personalised conditions. The prospects of this field are bright, and the convergent efforts of researchers, clinicians, regulators, and industry shall rapidly transform the ovarian cancer care landscape in the coming decade.
AUTHOR CONTRIBUTIONS
WR: Data curation, Investigation, Visualization, Writing–original draft. RK: Data curation, Investigation, Writing–original draft. IJ: Supervision, Writing–review and editing. AB: Supervision, Writing–review and editing. SG: Supervision, Writing–review and editing. HA: Conceptualization, Investigation, Project administration, Supervision, Writing–original draft, Writing–review and editing. TG: Conceptualization, Investigation, Project administration, Supervision, Writing–original draft, Writing–review and editing.
FUNDING
The author(s) declare financial support was received for the research, authorship, and/or publication of this article. TG is the recipient of an Office of National Intelligence National Intelligence Postdoctoral Grant (project number NIPG-2022-001) funded by the Australia Government.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 A2 Biotherapeutics Inc (2023). A seamless phase 1/2 study to evaluate the safety and efficacy of A2B694, an autologous logic-gated TmodTM CAR T, in heterozygous HLA-A*02 adults with recurrent unresectable. Available from: https://clinicaltrials.gov/study/NCT06051695.
 AGO Research GmbH (2023). “A randomized phase II trial of mirvetuximab soravtansine (IMGN853),” in Folate receptor alpha (FRα) high recurrent ovarian cancer eligible for platinum-based chemotherapy . Available from: https://clinicaltrials.gov/study/NCT04274426.
 Agyemang, A. F., and Lele, S. (2022). “The use of immunotherapy for treatment of gynecologic malignancies,” in Ovarian cancer ed . Editor S. Lele (Brisbane (AU): Exon Publications).
 Ahmadi, S., Lotay, N., and Thompson, M. (2023). Affinity-based electrochemical biosensor with antifouling properties for detection of lysophosphatidic acid, a promising early-stage ovarian cancer biomarker. Bioelectrochemistry 153, 108466. doi:10.1016/j.bioelechem.2023.108466
 Allife Medical Science and Technology Co., Ltd (2019). Clinical study on the safety and efficacy of anti-mesothelin car NK cells with epithelial ovarian cancer. Available from: https://clinicaltrials.gov/study/NCT03692637.
 Alshawwa, S. Z., Kassem, A. A., Farid, R. M., Mostafa, S. K., and Labib, G. S. (2022). Nanocarrier drug delivery systems: characterization, limitations, future perspectives and implementation of artificial intelligence. Pharmaceutics 14 (4), 883. doi:10.3390/pharmaceutics14040883
 Amraee, A., Alamzadeh, Z., Irajirad, R., Sarikhani, A., Ghaznavi, H., Ghadiri Harvani, H., et al. (2023). Theranostic RGD@Fe3O4-Au/Gd NPs for the targeted radiotherapy and MR imaging of breast cancer. Cancer Nanotechnol. 14 (1), 61. doi:10.1186/s12645-023-00214-6
 Anani, T., Rahmati, S., Sultana, N., and David, A. E. (2021). MRI-traceable theranostic nanoparticles for targeted cancer treatment. Theranostics 11 (2), 579–601. doi:10.7150/thno.48811
 Arora, T., Mullangi, S., and Lekkala, M. R. (2023). “Ovarian cancer,” in StatPearls (Treasure Island (FL): StatPearls Publishing). 
 Asgari, M., Khanahmad, H., Motaghi, H., Farzadniya, A., Mehrgardi, M. A., and Shokrani, P. (2021). Aptamer modified nanoprobe for multimodal fluorescence/magnetic resonance imaging of human ovarian cancer cells. Appl. Phys. A 127 (1), 47. doi:10.1007/s00339-020-04171-4
 Ashihara, K., Terai, Y., Tanaka, T., Tanaka, Y., Fujiwara, S., Maeda, K., et al. (2020). Pharmacokinetic evaluation and antitumor potency of liposomal nanoparticle encapsulated cisplatin targeted to CD24-positive cells in ovarian cancer. Oncol. Lett. 19 (3), 1872–1880. doi:10.3892/ol.2020.11279
 Atallah, G. A., Abd Aziz, N. H., Teik, C. K., Shafiee, M. N., and Kampan, N. C. (2021). New predictive biomarkers for ovarian cancer. Diagnostics 11 (3), 465. doi:10.3390/diagnostics11030465
 Avanzino, B. C., Prabhakar, K., Dalvi, P., Hartstein, S., Kehm, H., Balasubramani, A., et al. (2022). A T-cell engaging bispecific antibody with a tumor-selective bivalent folate receptor alpha binding arm for the treatment of ovarian cancer. Oncoimmunology 11 (1), 2113697. doi:10.1080/2162402X.2022.2113697
 Azaïs, H., Schmitt, C., Tardivel, M., Kerdraon, O., Stallivieri, A., Frochot, C., et al. (2016). Assessment of the specificity of a new folate-targeted photosensitizer for peritoneal metastasis of epithelial ovarian cancer to enable intraperitoneal photodynamic therapy. A preclinical study. Photodiagnosis Photodyn. Ther. 13, 130–138. doi:10.1016/j.pdpdt.2015.07.005
 Babaei, Z., Panjehpour, M., Ghorbanhosseini, S. S., Parsian, H., Khademi, M., and Aghaei, M. (2023b). VEGFR3 suppression through miR-1236 inhibits proliferation and induces apoptosis in ovarian cancer via ERK1/2 and AKT signaling pathways. J. Cell Biochem. 124 (5), 674–686. doi:10.1002/jcb.30395
 Babaei, Z., Panjehpour, M., Parsian, H., and Aghaei, M. (2023a). SAR131675 exhibits anticancer activity on human ovarian cancer cells through inhibition of VEGFR-3/ERK1/2/AKT signaling pathway. Cell Signal 111, 110856. doi:10.1016/j.cellsig.2023.110856
 Babaier, A., and Ghatage, P. (2020). Mucinous cancer of the ovary: overview and current status. Diagnostics 10 (1), 52. doi:10.3390/diagnostics10010052
 Banerjee, S., Drapkin, R., Richardson, D. L., and Birrer, M. (2023b). Targeting NaPi2b in ovarian cancer. Cancer Treat. Rev. 112, 102489. doi:10.1016/j.ctrv.2022.102489
 Banerjee, S., Michalarea, V., Ang, J. E., Ingles Garces, A., Biondo, A., Funingana, I. G., et al. (2022). A phase I trial of CT900, a novel α-folate receptor–mediated thymidylate synthase inhibitor, in patients with solid tumors with expansion cohorts in patients with high-grade serous ovarian cancer. Clin. Cancer Res. 28 (21), 4634–4641. doi:10.1158/1078-0432.CCR-22-1268
 Banerjee, S., Oza, A. M., Birrer, M. J., Hamilton, E. P., Hasan, J., Leary, A., et al. (2018). Anti-NaPi2b antibody-drug conjugate lifastuzumab vedotin (DNIB0600A) compared with pegylated liposomal doxorubicin in patients with platinum-resistant ovarian cancer in a randomized, open-label, phase II study. Ann. Oncol. 29 (4), 917–923. doi:10.1093/annonc/mdy023
 Banerjee, S., Richardson, D. L., Concin, N., Monk, B. J., Mirza, M. R., Coleman, R. L., et al. (2023a). 3P NaPi2b expression in high grade serous ovarian cancer: results from combined data sets. ESMO Open 8, 100857. doi:10.1016/j.esmoop.2023.100857
 Barkal, A. A., Brewer, R. E., Markovic, M., Kowarsky, M., Barkal, S. A., Zaro, B. W., et al. (2019). CD24 signalling through macrophage Siglec-10 is a target for cancer immunotherapy. Nature 572 (7769), 392–396. doi:10.1038/s41586-019-1456-0
 Barr, C. E., Funston, G., Jeevan, D., Sundar, S., Mounce, L. T. A., and Crosbie, E. J. (2022). The performance of HE4 alone and in combination with CA125 for the detection of ovarian cancer in an enriched primary care population. Cancers 14 (9), 2124. doi:10.3390/cancers14092124
 Bastani, A., Asghary, A., Heidari, M. H., and Karimi-Busheri, F. (2017). Evaluation of the sensitivity and specificity of serum level of prostasin, CA125, LDH, AFP, and hCG+β in epithelial ovarian cancer patients. Eur. J. Gynaecol. Oncol. 38 (3), 418–424. doi:10.12892/ejgo3695.2017
 Bax, H. J., Chauhan, J., Stavraka, C., Santaolalla, A., Osborn, G., Khiabany, A., et al. (2023). Folate receptor alpha in ovarian cancer tissue and patient serum is associated with disease burden and treatment outcomes. Br. J. Cancer 128 (2), 342–353. doi:10.1038/s41416-022-02031-x
 Bekes, I., Löb, S., Holzheu, I., Janni, W., Baumann, L., Wöckel, A., et al. (2019). Nectin-2 in ovarian cancer: how is it expressed and what might be its functional role?Cancer Sci. 110 (6), 1872–1882. doi:10.1111/cas.13992
 Bekos, C., Muqaku, B., Dekan, S., Horvat, R., Polterauer, S., Gerner, C., et al. (2019). NECTIN4 (PVRL4) as putative therapeutic target for a specific subtype of high grade serous ovarian cancer—an integrative multi-omics approach. Cancers 11 (5), 698. doi:10.3390/cancers11050698
 Betella, I., Turbitt, W. J., Szul, T., Wu, B., Martinez, A., Katre, A., et al. (2020). Wnt signaling modulator DKK1 as an immunotherapeutic target in ovarian cancer. Gynecol. Oncol. 157 (3), 765–774. doi:10.1016/j.ygyno.2020.03.010
 Bhardwaj, B. K., Thankachan, S., Magesh, P., Venkatesh, T., Tsutsumi, R., and Suresh, P. S. (2023). Current update on nanotechnology-based approaches in ovarian cancer therapy. Reprod. Sci. 30 (2), 335–349. doi:10.1007/s43032-022-00968-1
 Bhattacharjee, P., Mukherjee, A., Ghosh, S., and Basu, B. (2023). “Chapter 27 - emerging roles of phospholipases and lysophosphatidic acid in ovarian tumorigenesis and their therapeutic targeting,” in Phospholipases in physiology and pathology ed . Editor S. Chakraborti (United States: Academic Press). 
 Bilgi Kamaç, M., Altun, M., Yılmaz, M., Yılmaz Aktan, A., Aktan, S., and Sezgintürk, M. K. (2023). Point-of-care testing: a disposable label-free electrochemical CA125 and HE4 immunosensors for early detection of ovarian cancer. Biomed. Microdevices 25 (2), 18. doi:10.1007/s10544-023-00659-x
 Bondeson, D. P., Paolella, B. R., Asfaw, A., Rothberg, M. V., Skipper, T. A., Langan, C., et al. (2022). Phosphate dysregulation via the XPR1–KIDINS220 protein complex is a therapeutic vulnerability in ovarian cancer. Nat. Cancer 3 (6), 681–695. doi:10.1038/s43018-022-00360-7
 Bordoloi, D., Bhojnagarwala, P. S., Perales-Puchalt, A., Kulkarni, A. J., Zhu, X., Liaw, K., et al. (2022). A mAb against surface-expressed FSHR engineered to engage adaptive immunity for ovarian cancer immunotherapy. JCI Insight 7 (22), e162553. doi:10.1172/jci.insight.162553
 Bouleftour, W., Guillot, A., and Magne, N. (2022). The anti-nectin 4: a promising tumor cells target. A systematic review. Mol. Cancer Ther. 21 (4), 493–501. doi:10.1158/1535-7163.MCT-21-0846
 Boylan, K. L. M., Buchanan, P. C., Manion, R. D., Shukla, D. M., Braumberger, K., Bruggemeyer, C., et al. (2016). The expression of Nectin-4 on the surface of ovarian cancer cells alters their ability to adhere, migrate, aggregate, and proliferate. Oncotarget 8 (6), 9717–9738. doi:10.18632/oncotarget.14206
 Brain, K. E., Smits, S., Simon, A. E., Forbes, L. J., Roberts, C., Robbé, I. J., et al. (2014). Ovarian cancer symptom awareness and anticipated delayed presentation in a population sample. BMC Cancer 14, 171. doi:10.1186/1471-2407-14-171
 Brom, V. C., Burger, C., Wirtz, D. C., and Schildberg, F. A. (2022). The role of immune checkpoint molecules on macrophages in cancer, infection, and autoimmune pathologies. Front. Immunol. 13, 837645. doi:10.3389/fimmu.2022.837645
 Büyüktiryaki, S., Say, R., Denizli, A., and Ersöz, A. (2017). Phosphoserine imprinted nanosensor for detection of Cancer Antigen 125. Talanta 167, 172–180. doi:10.1016/j.talanta.2017.01.093
 Cabasag, C. J., Fagan, P. J., Ferlay, J., Vignat, J., Laversanne, M., Liu, L., et al. (2022). Ovarian cancer today and tomorrow: a global assessment by world region and Human Development Index using GLOBOCAN 2020. Int. J. Cancer 151 (9), 1535–1541. doi:10.1002/ijc.34002
 Chang, M. C., Chiang, P. F., Kuo, Y. J., Peng, C. L., Chen, I. C., Huang, C. Y., et al. (2022). Develop companion radiopharmaceutical YKL40 antibodies as potential theranostic agents for epithelial ovarian cancer. Biomed. Pharmacother. 155, 113668. doi:10.1016/j.biopha.2022.113668
 Chen, F., Ehlerding, E. B., and Cai, W. (2014). Theranostic nanoparticles. J. Nucl. Med. 55 (12), 1919–1922. doi:10.2967/jnumed.114.146019
 Cheung, J., Lokman, N. A., Abraham, R. D., Macpherson, A. M., Lee, E., Grutzner, F., et al. (2020). Reduced gonadotrophin receptor expression is associated with a more aggressive ovarian cancer phenotype. Int. J. Mol. Sci. 22 (1), 71. doi:10.3390/ijms22010071
 Clarke, C. H., Yip, C., Badgwell, D., Fung, E. T., Coombes, K. R., Zhang, Z., et al. (2011). Proteomic biomarkers apolipoprotein A1, truncated transthyretin and connective tissue activating protein III enhance the sensitivity of CA125 for detecting early stage epithelial ovarian cancer. Gynecol. Oncol. 122 (3), 548–553. doi:10.1016/j.ygyno.2011.06.002
 Clifford, C., Vitkin, N., Nersesian, S., Reid-Schachter, G., Francis, J. A., and Koti, M. (2018). Multi-omics in high-grade serous ovarian cancer: biomarkers from genome to the immunome. Am. J. Reproductive Immunol. 80 (2), e12975. doi:10.1111/aji.12975
 Coleridge, S. L., Bryant, A., Kehoe, S., and Morrison, J. (2021). Neoadjuvant chemotherapy before surgery versus surgery followed by chemotherapy for initial treatment in advanced ovarian epithelial cancer. Cochrane Database Syst. Rev. 2021 (7), CD005343. doi:10.1002/14651858.CD005343.pub6
 Corvigno, S., Wisman, G. B. A., Mezheyeuski, A., van der Zee, A. G. J., Nijman, H. W., Åvall-Lundqvist, E., et al. (2016). Markers of fibroblast-rich tumor stroma and perivascular cells in serous ovarian cancer: inter- and intra-patient heterogeneity and impact on survival. Oncotarget 7 (14), 18573–18584. doi:10.18632/oncotarget.7613
 Deng, S., Gu, J., Jiang, Z., Cao, Y., Mao, F., Xue, Y., et al. (2022). Application of nanotechnology in the early diagnosis and comprehensive treatment of gastrointestinal cancer. J. Nanobiotechnology 20, 415. doi:10.1186/s12951-022-01613-4
 Deuster, E., Mayr, D., Hester, A., Kolben, T., Zeder-Göß, C., Burges, A., et al. (2019). Correlation of the aryl hydrocarbon receptor with fshr in ovarian cancer patients. Int. J. Mol. Sci. 20 (12), 2862. doi:10.3390/ijms20122862
 Deveci, B., Serdar, B. S., Kemik, P. K., Keskin, H. Ş., Yildirim, N., Özdemir, N., et al. (2019). CA125, YKL-40, HE-4 and Mesothelin: a new serum biomarker combination in discrimination of benign and malign epithelial ovarian tumor. Turkish J. Biochem. 44 (4), 438–451. doi:10.1515/tjb-2019-0038
 de Witte, C. J., Espejo Valle-Inclan, J., Hami, N., Lõhmussaar, K., Kopper, O., Vreuls, C. P. H., et al. (2020). Patient-Derived ovarian cancer organoids mimic clinical response and exhibit heterogeneous inter- and intrapatient drug responses. Cell Rep. 31 (11), 107762. doi:10.1016/j.celrep.2020.107762
 Dhas, G. T., Babu, A. K., Khatri, C., and Namdev, L. (2023). “Aptamer-based targeting of nanoplatforms for cancer theranostics,” in Site-specific cancer nanotheranostics (United States: CRC Press). 
 Dilawari, A., Shah, M., Ison, G., Gittleman, H., Fiero, M. H., Shah, A., et al. (2023). FDA approval summary: mirvetuximab soravtansine-gynx for frα-positive, platinum-resistant ovarian cancer. Clin. Cancer Res. 29 (19), 3835–3840. doi:10.1158/1078-0432.CCR-23-0991
 Ding, P., Chen, P., Ouyang, J., Li, Q., and Li, S. (2023). Clinicopathological and prognostic value of epithelial cell adhesion molecule in solid tumours: a meta-analysis. Front. Oncol. 13, 1242231. doi:10.3389/fonc.2023.1242231
 Dougherty, C. A., Cai, W., and Hong, H. (2015). Applications of aptamers in targeted imaging: state of the art. Curr. Top. Med. Chem. 15 (12), 1138–1152. doi:10.2174/1568026615666150413153400
 Eisenhauer, E. L., Salani, R., and Copeland, L. J. (2018). “11 - epithelial ovarian cancer,” in Clinical gynecologic Oncology ed . Editors PJ DiSaia, WT Creasman, RS Mannel, DS McMeekin, and DG Mutch. Ninth Edition (Amsterdam, Netherlands: Elsevier), 253–289.
 Eissa, S., Tlili, C., Mounir, B. A., and Kanoun, O. (2022). Editorial: nanomaterials-based electrochemical biosensors. Front. Bioeng. Biotechnol. 10, 1091592. doi:10.3389/fbioe.2022.1091592
 Elucida Oncology (2023). Dose escalation and expansion clinical study to evaluate the safety and efficacy of ELU001 in subjects who have advanced, recurrent or refractory FRα overexpressing tumors. Available from: https://clinicaltrials.gov/study/NCT05001282.
 Escudero Sanchez, L., Buddenkotte, T., Al Sa’d, M., McCague, C., Darcy, J., Rundo, L., et al. (2023). Integrating artificial intelligence tools in the clinical research setting: the ovarian cancer use case. Diagnostics 13 (17), 2813. doi:10.3390/diagnostics13172813
 Espinoza-Sánchez, N. A., and Götte, M. (2020). Role of cell surface proteoglycans in cancer immunotherapy. Seminars Cancer Biol. 62, 48–67. doi:10.1016/j.semcancer.2019.07.012
 Farran, B., Montenegro, R. C., Kasa, P., Pavitra, E., Huh, Y. S., Han, Y. K., et al. (2020). Folate-conjugated nanovehicles: strategies for cancer therapy. Mater. Sci. Eng. C 107, 110341. doi:10.1016/j.msec.2019.110341
 Faust, J. R., Hamill, D., Kolb, E. A., Gopalakrishnapillai, A., and Barwe, S. P. (2022). Mesothelin: an immunotherapeutic target beyond solid tumors. Cancers (Basel) 14 (6), 1550. doi:10.3390/cancers14061550
 Ferlay, J., Soerjomataram, I., Dikshit, R., Eser, S., Mathers, C., Rebelo, M., et al. (2015). Cancer incidence and mortality worldwide: sources, methods and major patterns in GLOBOCAN 2012. Int. J. Cancer 136 (5), E359–E386. doi:10.1002/ijc.29210
 Ferrer, V. P. (2023). MUC16 mutation is associated with tumor grade, clinical features, and prognosis in glioma patients. Cancer Genet. 270–271, 22–30. doi:10.1016/j.cancergen.2022.11.003
 Foroozandeh, A., Abdouss, M., SalarAmoli, H., Pourmadadi, M., and Yazdian, F. (2023). An electrochemical aptasensor based on g-C3N4/Fe3O4/PANI nanocomposite applying cancer antigen_125 biomarkers detection. Process Biochem. 127, 82–91. doi:10.1016/j.procbio.2023.02.004
 Francis, F., and Wuest, F. (2021). Advances in [18F]trifluoromethylation chemistry for PET imaging. Molecules 26 (21), 6478. doi:10.3390/molecules26216478
 Gandidzanwa, S., Beukes, N., Joseph, S. V., Vuuren, A. J. V., Mashazi, P., Britton, J., et al. (2023). The development of folate-functionalised palladium nanoparticles for folate receptor targeting in breast cancer cells. Nanotechnology 34 (46), 465705. doi:10.1088/1361-6528/acec52
 García de Jalón, E., Kleinmanns, K., Fosse, V., Davidson, B., Bjørge, L., Haug, B. E., et al. (2023). Comparison of five near-infrared fluorescent folate conjugates in an ovarian cancer model. Mol. Imaging Biol. 25 (1), 144–155. doi:10.1007/s11307-021-01685-y
 Geng, T., Zheng, M., Wang, Y., Reseland, J. E., and Samara, A. (2023). An artificial intelligence prediction model based on extracellular matrix proteins for the prognostic prediction and immunotherapeutic evaluation of ovarian serous adenocarcinoma. Front. Mol. Biosci. 10, 1200354. doi:10.3389/fmolb.2023.1200354
 Geng, X., Liu, Y., Diersch, S., Kotzsch, M., Grill, S., Weichert, W., et al. (2017). Clinical relevance of kallikrein-related peptidase 9, 10, 11, and 15 mRNA expression in advanced high-grade serous ovarian cancer. PLoS One 12 (11), e0186847. doi:10.1371/journal.pone.0186847
 Geraldo, L. H. M., Spohr Tcl de, S., Amaral, R. F. do, Fonseca, A. C. C. da, Garcia, C., Mendes, F. de A., et al. (2021). Role of lysophosphatidic acid and its receptors in health and disease: novel therapeutic strategies. Signal Transduct. Target Ther. 6, 45. doi:10.1038/s41392-020-00367-5
 Gericke, B., Raila, J., Sehouli, J., Haebel, S., Könsgen, D., Mustea, A., et al. (2005). Microheterogeneity of transthyretin in serum and ascitic fluid of ovarian cancer patients. BMC Cancer 5, 133. doi:10.1186/1471-2407-5-133
 Giordo, R., Wehbe, Z., Paliogiannis, P., Eid, A. H., Mangoni, A. A., and Pintus, G. (2022). Nano-targeting vascular remodeling in cancer: recent developments and future directions. Seminars Cancer Biol. 86, 784–804. doi:10.1016/j.semcancer.2022.03.001
 Grabowska-Derlatka, L., Derlatka, P., and Hałaburda-Rola, M. (2023). Characterization of primary mucinous ovarian cancer by diffusion-weighted and dynamic contrast enhancement MRI in comparison with serous ovarian cancer. Cancers 15 (5), 1453. doi:10.3390/cancers15051453
 Gu, Y., Zhou, G., Tang, X., Shen, F., Ding, J., and Hua, K. (2023). The biological roles of CD24 in ovarian cancer: old story, but new tales. Front. Immunol. 14, 1183285. doi:10.3389/fimmu.2023.1183285
 Guo, Q., Gao, B. L., Zhang, X. J., Liu, G. C., Xu, F., Fan, Q. Y., et al. (2014). CXCL12-CXCR4 Axis promotes proliferation, migration, invasion, and metastasis of ovarian cancer. Oncol. Res. 22 (5–6), 247–258. doi:10.3727/096504015X14343704124430
 Guo, S., Wu, X., Lei, T., Zhong, R., Wang, Y., Zhang, L., et al. (2022). The role and therapeutic value of syndecan-1 in cancer metastasis and drug resistance. Front. Cell Dev. Biol. 9, 784983. doi:10.3389/fcell.2021.784983
 Guo, X., Mei, J., Jing, Y., and Wang, S. (2020). Curcumin-loaded nanoparticles with low-intensity focused ultrasound-induced phase transformation as tumor-targeted and pH-sensitive theranostic nanoplatform of ovarian cancer. Nanoscale Res. Lett. 15 (1), 73. doi:10.1186/s11671-020-03302-3
 Han, L., Hu, L., Liu, F., Wang, X., Huang, X., Liu, B., et al. (2019). Redox-sensitive micelles for targeted intracellular delivery and combination chemotherapy of paclitaxel and all-trans-retinoid acid. Asian J. Pharm. Sci. 14 (5), 531–542. doi:10.1016/j.ajps.2018.08.009
 Hekman, M. C. H., Boerman, O. C., Bos, D. L., Massuger, LFAG, Weil, S., Grasso, L., et al. (2017). Improved intraoperative detection of ovarian cancer by folate receptor alpha targeted dual-modality imaging. Mol. Pharm. 14 (10), 3457–3463. doi:10.1021/acs.molpharmaceut.7b00464
 Herzog, T. J., Ison, G., Alvarez, R. D., Balasubramaniam, S., Armstrong, D. K., Beaver, J. A., et al. (2017). FDA ovarian cancer clinical trial endpoints workshop: a Society of Gynecologic Oncology White Paper. Gynecol. Oncol. 147 (1), 3–10. doi:10.1016/j.ygyno.2017.08.012
 Herzog, T. J., Pignata, S., Ghamande, S. A., Rubio, M. J., Fujiwara, K., Vulsteke, C., et al. (2023). Randomized phase II trial of farletuzumab plus chemotherapy versus placebo plus chemotherapy in low CA-125 platinum-sensitive ovarian cancer. Gynecol. Oncol. 170, 300–308. doi:10.1016/j.ygyno.2023.01.003
 Hillemeyer, L., Espinoza-Sanchez, N. A., Greve, B., Hassan, N., Chelariu-Raicu, A., Kiesel, L., et al. (2022). The cell surface heparan sulfate proteoglycan syndecan-3 promotes ovarian cancer pathogenesis. Int. J. Mol. Sci. 23 (10), 5793. doi:10.3390/ijms23105793
 Hiremath, C., Gao, L., Geshow, K., Patterson, Q., Barlow, H., Cleaver, O., et al. (2023). Rap1 regulates lumen continuity via Afadin in renal epithelia. Dev. Biol. 501, 20–27. doi:10.1016/j.ydbio.2023.05.003
 Hofbauer, D., Mougiakakos, D., Broggini, L., Zaiss, M., Büttner-Herold, M., Bach, C., et al. (2021). β2-microglobulin triggers NLRP3 inflammasome activation in tumor-associated macrophages to promote multiple myeloma progression. Immunity 54 (8), 1772–1787.e9. doi:10.1016/j.immuni.2021.07.002
 Høgdall, E. V. S., Ringsholt, M., Høgdall, C. K., Christensen, I. J., Johansen, J. S., Kjaer, S. K., et al. (2009). YKL-40 tissue expression and plasma levels in patients with ovarian cancer. BMC Cancer 9, 8. doi:10.1186/1471-2407-9-8
 Honar, Y. S., Javaher, S., Soleimani, M., Zarebkohan, A., Farhadihosseinabadi, B., Tohidfar, M., et al. (2023). Advanced stage, high-grade primary tumor ovarian cancer: a multi-omics dissection and biomarker prediction process. Sci. Rep. 13 (1), 17265. doi:10.1038/s41598-023-44246-9
 Hsieh, T. H., Hsu, C. Y., Wu, C. W., Wang, S. H., Yeh, C. H., Cheng, K. H., et al. (2023). Vorinostat decrease M2 macrophage polarization through ARID1A6488delG/HDAC6/IL-10 signaling pathway in endometriosis-associated ovarian carcinoma. Biomed. Pharmacother. 161, 114500. doi:10.1016/j.biopha.2023.114500
 Huang, J., Zhou, H., Tan, C., Mo, S., Liu, T., and Kuang, Y. (2023b). The overexpression of actin related protein 2/3 complex subunit 1B(ARPC1B) promotes the ovarian cancer progression via activation of the Wnt/β-catenin signaling pathway. Front. Immunol. 14, 1182677. doi:10.3389/fimmu.2023.1182677
 Huang, K., Xu, S., Wang, J., Ge, L., Xu, J., and Jia, X. (2023a). Combined use of CA125, neutrophil/lymphocyte ratio and platelet/lymphocyte ratio for the diagnosis of borderline and malignant epithelial ovarian tumors. J. Ovarian Res. 16 (1), 37. doi:10.1186/s13048-023-01106-4
 Huang, Y., Li, C., Zhang, X., Zhang, M., Ma, Y., Qin, D., et al. (2023c). Nanotechnology-integrated ovarian cancer metastasis therapy: insights from the metastatic mechanisms into administration routes and therapy strategies. Int. J. Pharm. 636, 122827. doi:10.1016/j.ijpharm.2023.122827
 Huo, Q., Xu, C., Shao, Y., Yu, Q., Huang, L., Liu, Y., et al. (2021). Free CA125 promotes ovarian cancer cell migration and tumor metastasis by binding Mesothelin to reduce DKK1 expression and activate the SGK3/FOXO3 pathway. Int. J. Biol. Sci. 17 (2), 574–588. doi:10.7150/ijbs.52097
 Ibrahim, H. M., Abdelrahman, A., Elsebai, E., Gharieb, S., Fahmy, M. M., Ramadan, M. S. H., et al. (2023). Clinicopathologic impact of NANOG, ZEB1, and EpCAM biomarkers on prognosis of serous ovarian carcinoma. Asian Pac J. Cancer Prev. 24 (9), 3247–3259. doi:10.31557/APJCP.2023.24.9.3247
 ImmunoGen, Inc. (2023). Multicenter, open-label, ph 2 study of carboplatin plus mirvetuximab soravtansine followed by mirvetuximab soravtansine continuation in FRα positive, recurrent platinum-sensitive, high-grade epithelial ovarian, primary peritoneal, or fallopian tube cancers following 1 prior line of platinum-based chemotherapy. Available from: https://clinicaltrials.gov/study/NCT05456685.
 Inggriani, R. C., Chang, C.-C., and Yang, W.-C. (2023). Potential candidate gene and underlying molecular mechanism involving in tumorigenesis of endometriosis-associated ovarian cancer (EAOC) in Asian populations. Med. Sci. Forum. 20, 7. doi:10.3390/IECC2023-14214
 Ivanova, T. I., Klabukov, I. D., Krikunova, L. I., Poluektova, M. V., Sychenkova, N. I., Khorokhorina, V. A., et al. (2022). Prognostic value of serum transferrin analysis in patients with ovarian cancer and cancer-related functional iron deficiency: a retrospective case–control study. J. Clin. Med. 11 (24), 7377. doi:10.3390/jcm11247377
 Jain, R. K. (2012). Delivery of molecular and cellular medicine to solid tumors. Adv. Drug Deliv. Rev. 64 (Suppl. l), 353–365. doi:10.1016/j.addr.2012.09.011
 Jayson, G. C., Kohn, E. C., Kitchener, H. C., and Ledermann, J. A. (2014). Ovarian cancer. Lancet 384 (9951), 1376–1388. doi:10.1016/S0140-6736(13)62146-7
 Kahramanoğlu, İ., Tokgözoğlu, N., Turan, H., Şal, V., Şimşek, G., Gelişgen, R., et al. (2018). YKL-40 in the diagnosis, prediction of prognosis, and platinum sensitivity in serous epithelial ovarian cancer. Turk J. Obstet. Gynecol. 15 (3), 177–181. doi:10.4274/tjod.28459
 Kashyap, B. K., Singh, V. V., Solanki, M. K., Kumar, A., Ruokolainen, J., and Kesari, K. K. (2023). Smart nanomaterials in cancer theranostics: challenges and opportunities. ACS Omega 8 (16), 14290–14320. doi:10.1021/acsomega.2c07840
 Kawai, T., Richards, J. S., and Shimada, M. (2018). The cell type-specific expression of lhcgr in mouse ovarian cells: evidence for a DNA-demethylation-dependent mechanism. Endocrinology 159 (5), 2062–2074. doi:10.1210/en.2018-00117
 Khetan, R., Dharmayanti, C., Gillam, T. A., Kübler, E., Klingler-Hoffmann, M., Ricciardelli, C., et al. (2022). Using GPCRs as molecular beacons to target ovarian cancer with nanomedicines. Cancers (Basel) 14 (10), 2362. doi:10.3390/cancers14102362
 Kim, H., Lee, D. H., Park, E., Myung, J. K., Park, J. H., Kim, D. I., et al. (2022). Differential epithelial and stromal LGR5 expression in ovarian carcinogenesis. Sci. Rep. 12 (1), 11200. doi:10.1038/s41598-022-15234-2
 Kim, Y. W., Bae, S. M., Lim, H., Kim, Y. J., and Ahn, W. S. (2012). Development of multiplexed bead-based immunoassays for the detection of early stage ovarian cancer using a combination of serum biomarkers. PLoS One 7 (9), e44960. doi:10.1371/journal.pone.0044960
 Kiyamova, R., Shyian, M., Lyzogubov, V. V., Usenko, V. S., Gout, T., and Filonenko, V. (2011). Immunohistochemical analysis of NaPi2b protein (MX35 antigen) expression and subcellular localization in human normal and cancer tissues. Exp. Oncol. 33 (3), 157–161.
 Klampatsa, A., Dimou, V., and Albelda, S. M. (2021). Mesothelin-targeted CAR-T cell therapy for solid tumors. Expert Opin. Biol. Ther. 21 (4), 473–486. doi:10.1080/14712598.2021.1843628
 Klasa-Mazurkiewicz, D., Jarząb, M., Milczek, T., Lipińska, B., and Emerich, J. (2011). Clinical significance of VEGFR-2 and VEGFR-3 expression in ovarian cancer patients. Pol. J. Pathol. 62 (1), 31–40.
 Kleinmanns, K., Fosse, V., Bjørge, L., and McCormack, E. (2020). The emerging role of CD24 in cancer theranostics—a novel target for fluorescence image-guided surgery in ovarian cancer and beyond. J. Pers. Med. 10 (4), 255. doi:10.3390/jpm10040255
 Klotz, D. M., Link, T., Goeckenjan, M., Wimberger, P., Poetsch, A. R., Jaschke, N., et al. (2022). Evaluation of circulating Dickkopf-1 as a prognostic biomarker in ovarian cancer patients. Clin. Chem. Laboratory Med. (CCLM) 60 (1), 109–117. doi:10.1515/cclm-2021-0504
 Kobayashi, K., Sasaki, T., Takenaka, F., Yakushiji, H., Fujii, Y., Kishi, Y., et al. (2015). A novel PET imaging using 64Cu-labeled monoclonal antibody against mesothelin commonly expressed on cancer cells. J. Immunol. Res. 2015, 268172. doi:10.1155/2015/268172
 Koh, S. C. L., Huak, C. Y., Lutan, D., Marpuang, J., Ketut, S., Budiana, N. G., et al. (2012). Combined panel of serum human tissue kallikreins and CA-125 for the detection of epithelial ovarian cancer. J. Gynecol. Oncol. 23 (3), 175–181. doi:10.3802/jgo.2012.23.3.175
 Koh, S. C. L., Razvi, K., Chan, Y. H., Narasimhan, K., Ilancheran, A., Low, J. J., et al. (2011). The association with age, human tissue kallikreins 6 and 10 and hemostatic markers for survival outcome from epithelial ovarian cancer. Arch. Gynecol. Obstet. 284 (1), 183–190. doi:10.1007/s00404-010-1605-z
 Kotowicz, B., Fuksiewicz, M., Jonska-Gmyrek, J., Wagrodzki, M., and Kowalska, M. (2017). Preoperative serum levels of YKL 40 and CA125 as a prognostic indicators in patients with endometrial cancer. Eur. J. Obstet. Gynecol. Reprod. Biol. 215, 141–147. doi:10.1016/j.ejogrb.2017.06.021
 Kryzhanivska, A., Hrytsyk, R., Teren, T., and Savchuk, Y. (2023). Role of computed tomography in the diagnosis of ovarian cancer. Archive Clin. Med. 29 (1), 21–23. doi:10.21802/acm.2023.1.19
 Kulbe, H., Otto, R., Darb-Esfahani, S., Lammert, H., Abobaker, S., Welsch, G., et al. (2019). Discovery and validation of novel biomarkers for detection of epithelial ovarian cancer. Cells 8 (7), 713. doi:10.3390/cells8070713
 Kumar, C., and Idicula-Thomas, S. (2023). FSHR activation through small molecule modulators: mechanistic insights from MD simulations. Comput. Biol. Med. 154, 106588. doi:10.1016/j.compbiomed.2023.106588
 Kuroki, L., and Guntupalli, S. R. (2020). Treatment of epithelial ovarian cancer. BMJ 371, m3773. doi:10.1136/bmj.m3773
 Lamberts, L. E., Menke-van der Houven van Oordt, C. W., ter Weele, E. J., Bensch, F., Smeenk, M. M., Voortman, J., et al. (2016). ImmunoPET with anti-mesothelin antibody in patients with pancreatic and ovarian cancer before anti-mesothelin antibody-drug conjugate treatment. Clin. Cancer Res. 22 (7), 1642–1652. doi:10.1158/1078-0432.CCR-15-1272
 Lazo, J. S., Isbell, K. N., Vasa, S. A., Llaneza, D. C., Rastelli, E. J., Wipf, P., et al. (2023). Disruption of ovarian cancer STAT3 and p38 signaling with a small-molecule inhibitor of PTP4A3 phosphatase. J. Pharmacol. Exp. Ther. 384 (3), 429–438. doi:10.1124/jpet.122.001401
 Lee, S., Jun, J., Kim, W. J., Tamayo, P., and Howell, S. B. (2020). WNT signaling driven by R-spondin 1 and LGR6 in high-grade serous ovarian cancer. Anticancer Res. 40 (11), 6017–6028. doi:10.21873/anticanres.14623
 Leung, F., Dimitromanolakis, A., Kobayashi, H., Diamandis, E. P., and Kulasingam, V. (2013). Folate-receptor 1 (FOLR1) protein is elevated in the serum of ovarian cancer patients. Clin. Biochem. 46 (15), 1462–1468. doi:10.1016/j.clinbiochem.2013.03.010
 Li, J., Jiang, K., Qiu, X., Li, M., Hao, Q., Wei, L., et al. (2014). Overexpression of CXCR4 is significantly associated with cisplatin-based chemotherapy resistance and can be a prognostic factor in epithelial ovarian cancer. BMB Rep. 47 (1), 33–38. doi:10.5483/bmbrep.2014.47.1.069
 Li, J., Li, X., Ma, J., Wang, F., Cui, S., and Ye, Z. (2023a). Computed tomography–based radiomics machine learning classifiers to differentiate type I and type II epithelial ovarian cancers. Eur. Radiol. 33 (7), 5193–5204. doi:10.1007/s00330-022-09318-w
 Li, J. Y., and Wang, R. (2023). Prediction of the survival of patients with advanced-stage ovarian cancer patients undergoing interval cytoreduction with the use of computed tomography reevaluation after neoadjuvant chemotherapy. J. Obstetrics Gynaecol. Res. 49, 2700–2710. doi:10.1111/jog.15760
 Li, Q., Song, Q., Zhao, Z., Lin, Y., Cheng, Y., Karin, N., et al. (2023c). Genetically engineered artificial exosome-constructed hydrogel for ovarian cancer therapy. ACS Nano 17 (11), 10376–10392. doi:10.1021/acsnano.3c00804
 Li, X., Wang, L., Guo, P., Sun, Q., Zhang, Y., Chen, C., et al. (2023b). Diagnostic performance of noninvasive imaging using computed tomography, magnetic resonance imaging, and positron emission tomography for the detection of ovarian cancer: a meta-analysis. Ann. Nucl. Med. 37 (10), 541–550. doi:10.1007/s12149-023-01856-7
 Li, Y., Yuan, L. Y., Wang, S. xuan, and yi, Ma X. (2023d). Efficacy of bispecific antibody targeting EpCAM and CD3 for immunotherapy in ovarian cancer ascites: an experimental study. Curr. Med. Sci. 43 (3), 539–550. doi:10.1007/s11596-023-2753-2
 Liang, B., He, Q., Zhong, L., Wang, S., Pan, Z., Wang, T., et al. (2015). Circulating VEGF as a biomarker for diagnosis of ovarian cancer: a systematic review and a meta-analysis. Onco Targets Ther. 8, 1075–1082. doi:10.2147/OTT.S83616
 Liang, X., Yang, Y., Huang, C., Ye, Z., Lai, W., Luo, J., et al. (2023). cRGD-targeted heparin nanoparticles for effective dual drug treatment of cisplatin-resistant ovarian cancer. J. Control. Release 356, 691–701. doi:10.1016/j.jconrel.2023.03.017
 Lim, H., Kim, S. I., Kim, E. N., Lee, M., Lee, C., Kim, J. W., et al. (2023). Tissue expression and prognostic role of CXCL12 and CXCR4 in high-grade serous ovarian carcinoma. Anticancer Res. 43 (7), 3331–3340. doi:10.21873/anticanres.16509
 Lin, K., Rubinfeld, B., Zhang, C., Firestein, R., Harstad, E., Roth, L., et al. (2015). Preclinical development of an anti-NaPi2b (SLC34A2) antibody–drug conjugate as a therapeutic for non–small cell lung and ovarian cancers. Clin. Cancer Res. 21 (22), 5139–5150. doi:10.1158/1078-0432.CCR-14-3383
 Liu, C. F., Liu, S. Y., Min, X. Y., Ji, Y. Y., Wang, N., Liu, D., et al. (2014). The prognostic value of CXCR4 in ovarian cancer: a meta-analysis. PLoS One 9 (3), e92629. doi:10.1371/journal.pone.0092629
 Liu, H., Ma, S., Chen, X., Wu, H., Wang, R., Du, M., et al. (2023a). Diagnostic accuracy of the Copenhagen Index in ovarian malignancy: a meta-analysis. PLOS ONE 18 (6), e0286650. doi:10.1371/journal.pone.0286650
 Liu, H. D., Yan, Y., Cao, X. F., Tan, P. Z., Wen, H. X., Lv, C. M., et al. (2010). The expression of a novel estrogen receptor, GPR30, in epithelial ovarian carcinoma and its correlation with MMP-9. Sheng Li Xue Bao 62 (6), 524–528.
 Liu, Q., Zhao, Y., Xing, H., Li, L., Li, R., Dai, J., et al. (2019). The role of R-spondin 1 through activating Wnt/β-catenin in the growth, survival and migration of ovarian cancer cells. Gene 689, 124–130. doi:10.1016/j.gene.2018.11.098
 Liu, W., Tai, C. H., Liu, X., and Pastan, I. (2022). Anti-mesothelin immunotoxin induces mesothelioma eradication, anti-tumor immunity, and the development of tertiary lymphoid structures. Proc. Natl. Acad. Sci. 119 (48), e2214928119. doi:10.1073/pnas.2214928119
 Liu, X. F., Wei, J., Zhou, Q., Molitoris, B. A., Sandoval, R., Kobayashi, H., et al. (2020). Immunotoxin SS1P is rapidly removed by proximal tubule cells of kidney, whose damage contributes to albumin loss in urine. Proc. Natl. Acad. Sci. 117 (11), 6086–6091. doi:10.1073/pnas.1919038117
 Liu, Y., Lawson, B. C., Huang, X., Broom, B. M., and Weinstein, J. N. (2023b). Prediction of ovarian cancer response to therapy based on deep learning analysis of histopathology images. Cancers 15 (16), 4044. doi:10.3390/cancers15164044
 Liu, Y., Peng, X., Li, H., Jiao, W., Peng, X., Shao, J., et al. (2021). STAT3 inhibitor Napabucasin inhibits tumor growth and cooperates with proteasome inhibition in human ovarian cancer cells. Recent Pat. Anticancer Drug Discov. 16 (3), 350–362. doi:10.2174/1574892816666210224155403
 Long, L., and Duan, Z. (2022). The expression of GPR30 in iron-overloaded atypical ovarian epithelium and ectopic endometrium is closely correlated with transferrin receptor and Pi3K. Biomed. Res. Int. 2022, 8338874. doi:10.1155/2022/8338874
 Louie, A. D., Huntington, K., Carlsen, L., Zhou, L., and El-Deiry, W. S. (2021). Integrating molecular biomarker inputs into development and use of clinical cancer therapeutics. Front. Pharmacol. 12, 747194. doi:10.3389/fphar.2021.747194
 Lu, M., Fan, Z., Xu, B., Chen, L., Zheng, X., Li, J., et al. (2020). Using machine learning to predict ovarian cancer. Int. J. Med. Inf. 141, 104195. doi:10.1016/j.ijmedinf.2020.104195
 Luo, H. J., Hu, Z. D., Cui, M., Zhang, X. F., Tian, W. Y., Ma, C. Q., et al. (2023). Diagnostic performance of CA125, HE4, ROMA, and CPH-I in identifying primary ovarian cancer. J. Obstetrics Gynaecol. Res. 49 (3), 998–1006. doi:10.1111/jog.15540
 Lycke, M., Ulfenborg, B., Lauesgaard, J. M., Kristjansdottir, B., and Sundfeldt, K. (2021). Consideration should be given to smoking, endometriosis, renal function (eGFR) and age when interpreting CA125 and HE4 in ovarian tumor diagnostics. Clin. Chem. Laboratory Med. (CCLM) 59 (12), 1954–1962. doi:10.1515/cclm-2021-0510
 Ma, J. x., Yan, B. x., Zhang, J., Jiang, B. H., Guo, Y., Riedel, H., et al. (2014). PSP94, an upstream signaling mediator of prostasin found highly elevated in ovarian cancer. Cell Death Dis. 5 (9), e1407. doi:10.1038/cddis.2014.374
 Madeira, K., Dondossola, E. R., Farias, B. F. D., Simon, C. S., Alexandre, M. C. M., Silva, B. R., et al. (2016). Mesothelin as a biomarker for ovarian carcinoma: a meta-analysis. Acad Bras Ciênc. 88, 923–932. doi:10.1590/0001-3765201620150107
 Maity, D., Sahoo, S. R., Tiwari, A., Ajith, S., and Saha, S. (2022). “Theranostic nanoparticles in cancer diagnosis and treatment,” in Nanomaterials for cancer detection using imaging techniques and their clinical applications ed . Editors RS Chaughule, DP Patkar, and RV Ramanujan (Cham: Springer International Publishing). doi:10.1007/978-3-031-09636-5_7
 Mao, T. L., Fan, K. F., and Liu, C. L. (2017). Targeting the CXCR4/CXCL12 axis in treating epithelial ovarian cancer. Gene Ther. 24 (10), 621–629. doi:10.1038/gt.2017.69
 Margalik, D. A., Chen, J., Ho, T., Ding, L., Dhaliwal, A., Doria, A. S., et al. (2022). Prolonged circulating lipid nanoparticles enabled by high-density Gd-DTPA-Bis(stearylamide) for long-lasting enhanced tumor magnetic resonance imaging. Bioconjugate Chem. 33 (11), 2213–2222. doi:10.1021/acs.bioconjchem.2c00445
 Matulonis, U. A., Lorusso, D., Oaknin, A., Pignata, S., Dean, A., Denys, H., et al. (2023). Efficacy and safety of mirvetuximab soravtansine in patients with platinum-resistant ovarian cancer with high folate receptor alpha expression: results from the SORAYA study. J. Clin. Oncol. 41 (13), 2436–2445. doi:10.1200/JCO.22.01900
 Mayinuer, A., Yasen, M., Mogushi, K., Obulhasim, G., Xieraili, M., Aihara, A., et al. (2013). Upregulation of protein tyrosine phosphatase type IVA member 3 (PTP4A3/PRL-3) is associated with tumor differentiation and a poor prognosis in human hepatocellular carcinoma. Ann. Surg. Oncol. 20 (1), 305–317. doi:10.1245/s10434-012-2395-2
 Miao, K., Zhao, N., Lv, Q., He, X., Xu, M., Dong, X., et al. (2023). Prediction of benign and malignant ovarian tumors using Resnet34 on ultrasound images. J. Obstetrics Gynaecol. Res. 49, 2910–2917. doi:10.1111/jog.15788
 Minnix, M., Li, L., Yazaki, P., Chea, J., Poku, E., Colcher, D., et al. (2020). Improved targeting of an anti-TAG-72 antibody drug conjugate for the treatment of ovarian cancer. Cancer Med. 9 (13), 4756–4767. doi:10.1002/cam4.3078
 Moore, R. G., Blackman, A., Miller, M. C., Robison, K., DiSilvestro, P. A., Eklund, E. E., et al. (2019). Multiple biomarker algorithms to predict epithelial ovarian cancer in women with a pelvic mass: can additional makers improve performance?Gynecol. Oncol. 154 (1), 150–155. doi:10.1016/j.ygyno.2019.04.006
 Morales-Vásquez, F., Pedernera, E., Reynaga-Obregón, J., López-Basave, H. N., Gómora, M. J., Carlón, E., et al. (2016). High levels of pretreatment CA125 are associated to improved survival in high grade serous ovarian carcinoma. J. Ovarian Res. 9 (1), 41. doi:10.1186/s13048-016-0247-6
 Morrison, J., Haldar, K., Kehoe, S., and Lawrie, T. A. (2012). Chemotherapy versus surgery for initial treatment in advanced ovarian epithelial cancer. Cochrane Database Syst. Rev. 2012 (8), CD005343. doi:10.1002/14651858.CD005343.pub3
 Mutlu-Agardan, N. B., Sarisozen, C., and Torchilin, V. P. (2020). Cytotoxicity of novel redox sensitive PEG2000-S-S-ptx micelles against drug-resistant ovarian and breast cancer cells. Pharm. Res. 37 (3), 65. doi:10.1007/s11095-020-2759-4
 Nabih, E. S., Abdel Motaleb, F. I., and Salama, F. A. (2014). The diagnostic efficacy of nectin 4 expression in ovarian cancer patients. Biomarkers 19 (6), 498–504. doi:10.3109/1354750X.2014.940503
 Nagare, R. P., Sneha, S., Sidhanth, C., Roopa, S., Murhekar, K., Shirley, S., et al. (2020). Expression of cancer stem cell markers CD24, EPHA1 and CD9 and their correlation with clinical outcome in epithelial ovarian tumours. Cancer Biomarkers 28 (3), 397–408. doi:10.3233/CBM-201463
 Nakamura, K., Terai, Y., Tanabe, A., Ono, Y. J., Hayashi, M., Maeda, K., et al. (2017). CD24 expression is a marker for predicting clinical outcome and regulates the epithelial-mesenchymal transition in ovarian cancer via both the Akt and ERK pathways. Oncol. Rep. 37 (6), 3189–3200. doi:10.3892/or.2017.5583
 Nakamura, Y., Mochida, A., Choyke, P. L., and Kobayashi, H. (2016). Nano-drug delivery: is the enhanced permeability and retention (EPR) effect sufficient for curing cancer?Bioconjug Chem. 27 (10), 2225–2238. doi:10.1021/acs.bioconjchem.6b00437
 Niu, L., Wang, W., Xu, Y., Xu, T., Sun, J., Lv, W., et al. (2023). The value of ultrasonography combined with carbohydrate antigen 125 and 19-9 detection in the diagnosis of borderline ovarian tumors and prediction of recurrence. Front. Surg. 9, 951472. doi:10.3389/fsurg.2022.951472
 Nosov, V., Su, F., Amneus, M., Birrer, M., Robins, T., Kotlerman, J., et al. (2009). Validation of serum biomarkers for detection of early-stage ovarian cancer. Am. J. Obstetrics Gynecol. 200 (6), 639.e1–e5. doi:10.1016/j.ajog.2008.12.042
 Numasawa, K., Hanaoka, K., Saito, N., Yamaguchi, Y., Ikeno, T., Echizen, H., et al. (2020). A fluorescent probe for rapid, high-contrast visualization of folate-receptor-expressing tumors in vivo. Angew. Chem. 132 (15), 6071–6076. doi:10.1002/ange.201914826
 Nurgalieva, A. K., Popov, V. E., Skripova, V. S., Bulatova, L. F., Savenkova, D. V., Vlasenkova, R. A., et al. (2021). Sodium-dependent phosphate transporter NaPi2b as a potential predictive marker for targeted therapy of ovarian cancer. Biochem. Biophys. Rep. 28, 101104. doi:10.1016/j.bbrep.2021.101104
 Nwabufo, C. K. (2023). Mirvetuximab soravtansine in ovarian cancer therapy: expert opinion on pharmacological considerations. Cancer Chemother. Pharmacol . doi:10.1007/s00280-023-04575-y
 Oikonomopoulou, K., Scorilas, A., Michael, I. P., Grass, L., Soosaipillai, A., Rosen, B., et al. (2006). Kallikreins as markers of disseminated tumour cells in ovarian cancer – a pilot study. Tumor Biol. 27 (2), 104–114. doi:10.1159/000092325
 Ou, W., Stewart, S., White, A., Kwizera, E. A., Xu, J., Fang, Y., et al. (2023). In-situ cryo-immune engineering of tumor microenvironment with cold-responsive nanotechnology for cancer immunotherapy. Nat. Commun. 14, 392. doi:10.1038/s41467-023-36045-7
 Pal, M. K., Rashid, M., and Bisht, M. (2015). Multiplexed magnetic nanoparticle-antibody conjugates (MNPs-ABS) based prognostic detection of ovarian cancer biomarkers, CA-125, β-2M and ApoA1 using fluorescence spectroscopy with comparison of surface plasmon resonance (SPR) analysis. Biosens. Bioelectron. 73, 146–152. doi:10.1016/j.bios.2015.05.051
 Panagiotou, E., Syrigos, N. K., Charpidou, A., Kotteas, E., and Vathiotis, I. A. (2022). CD24: a novel target for cancer immunotherapy. J. Personalized Med. 12 (8), 1235. doi:10.3390/jpm12081235
 Pardeshi, C. V., and Souto, E. B. (2023). “Nanomaterials for therapeutic and theranostic applications: concepts, applications, and future perspectives,” in Nanomaterial-based drug delivery systems: therapeutic and theranostic applications ed . Editor C. V. Pardeshi (Cham: Springer International Publishing). doi:10.1007/978-3-031-30529-0_1
 Pasqual, E. M., Londero, A. P., Robella, M., Tonello, M., Sommariva, A., De Simone, M., et al. (2023). Repeated cytoreduction combined with hyperthermic intraperitoneal chemotherapy (HIPEC) in selected patients affected by peritoneal metastases: Italian PSM oncoteam evidence. Cancers 15 (3), 607. doi:10.3390/cancers15030607
 Pastan, I., and Hassan, R. (2014). Discovery of mesothelin and exploiting it as a target for immunotherapy. Cancer Res. 74 (11), 2907–2912. doi:10.1158/0008-5472.CAN-14-0337
 Pépin, D., Shao, Z. Q., Huppé, G., Wakefield, A., Chu, C. W., Sharif, Z., et al. (2011). Kallikreins 5, 6 and 10 differentially alter pathophysiology and overall survival in an ovarian cancer xenograft model. PLoS One 6 (11), e26075. doi:10.1371/journal.pone.0026075
 Perera, M., and Morris, M. J. (2022). From concept to regulatory drug approval: lessons for theranostics. J. Nucl. Med. 63 (12), 1793–1801. doi:10.2967/jnumed.121.263301
 Ploeg, E. M., Britsch, I., van Wijngaarden, A. P., Ke, X., Hendriks, MAJM, Samplonius, D. F., et al. (2023). A novel bispecific antibody for EpCAM-directed inhibition of the CD73/adenosine immune checkpoint in ovarian cancer. Cancers (Basel) 15 (14), 3651. doi:10.3390/cancers15143651
 Prantner, A. M., Turini, M., Kerfelec, B., Joshi, S., Baty, D., Chames, P., et al. (2015). Anti-Mesothelin nanobodies for both conventional and nanoparticle-based biomedical applications. J. Biomed. Nanotechnol. 11 (7), 1201–1212. doi:10.1166/jbn.2015.2063
 Pua, T. L., Wang, F., and Fishman, D. A. (2009). Roles of LPA in ovarian cancer development and progression. Future Oncol. 5 (10), 1659–1673. doi:10.2217/fon.09.120
 Rajaie, S., Nasiri, M., Pasdar, A., Rezayi, M., Khazaei, M., and hatamluyi, B. (2023). The application of a DNA nanobiosensor based on MXene/MWCNTs/PPY nanocomposite as a sensitive detection method of CEACAM5 for diagnosis of epithelial ovarian cancer. Microchem. J. 193, 109016. doi:10.1016/j.microc.2023.109016
 Rampes, S., and Choy, S. P. (2022). Early diagnosis of symptomatic ovarian cancer in primary care in the UK: opportunities and challenges. Prim. Health Care Res. Dev. 23, e52. doi:10.1017/S146342362200041X
 Ray, A., and Mitra, A. K. (2017). “Chapter 8 - nanotechnology in intracellular trafficking, imaging, and delivery of therapeutic agents,” in Emerging nanotechnologies for diagnostics, drug delivery and medical devices ed . Editors A. K. Mitra, K. Cholkar, and A. Mandal (Boston: Elsevier). 
 Reilly, G. P., Gregory, D. A., Scotti, D. J., Lederman, S., Neiman, W. A., Sussman, S., et al. (2023). A real-world comparison of the clinical and economic utility of OVA1 and CA125 in assessing ovarian tumor malignancy risk. J. Comp. Eff. Res. 12 (6), e230025. doi:10.57264/cer-2023-0025
 Rogmans, C., Feuerborn, J., Treeck, L., Tribian, N., Flörkemeier, I., Arnold, N., et al. (2022). Nectin-4 as blood-based biomarker enables detection of early ovarian cancer stages. Cancers (Basel) 14 (23), 5867. doi:10.3390/cancers14235867
 Rosenberg, J. E., O’Donnell, P. H., Balar, A. V., McGregor, B. A., Heath, E. I., Yu, E. Y., et al. (2019). Pivotal trial of enfortumab vedotin in urothelial carcinoma after platinum and anti-programmed death 1/programmed death ligand 1 therapy. J. Clin. Oncol. 37 (29), 2592–2600. doi:10.1200/JCO.19.01140
 Rosenberg, S. (2019). Phase I/II study of metastatic cancer using lymphodepleting conditioning followed by infusion of anti-mesothelin gene engineered lymphocytes. Available from: https://clinicaltrials.gov/study/NCT01583686.
 Rubin, J. B., Lagas, J. S., Broestl, L., Sponagel, J., Rockwell, N., Rhee, G., et al. (2020). Sex differences in cancer mechanisms. Biol. Sex. Differ. 11 (1), 17. doi:10.1186/s13293-020-00291-x
 Rump, A., Morikawa, Y., Tanaka, M., Minami, S., Umesaki, N., Takeuchi, M., et al. (2004). Binding of ovarian cancer antigen CA125/MUC16 to mesothelin mediates cell adhesion. J. Biol. Chem. 279 (10), 9190–9198. doi:10.1074/jbc.M312372200
 Saida, T., Mori, K., Ishiguro, T., Saida, Y., Satoh, T., and Nakajima, T. (2023). Differences in the position of endometriosis-associated and non-associated ovarian cancer relative to the uterus. Insights Imaging 14 (1), 136. doi:10.1186/s13244-023-01468-9
 Sakai, H., Kawakami, H., Teramura, T., Onodera, Y., Somers, E., Furuuchi, K., et al. (2021). Folate receptor α increases chemotherapy resistance through stabilizing MDM2 in cooperation with PHB2 that is overcome by MORAb-202 in gastric cancer. Clin. Transl. Med. 11 (6), e454. doi:10.1002/ctm2.454
 Salomonnson, E., Stacer, A. C., Ehrlich, A., Luker, K. E., and Luker, G. D. (2013). Imaging CXCL12-CXCR4 signaling in ovarian cancer therapy. PLoS One 8 (1), e51500. doi:10.1371/journal.pone.0051500
 Samanta, D., and Almo, S. C. (2015). Nectin family of cell-adhesion molecules: structural and molecular aspects of function and specificity. Cell Mol. Life Sci. 72 (4), 645–658. doi:10.1007/s00018-014-1763-4
 Samborski, A., Miller, M. C., Blackman, A., MacLaughlan-David, S., Jackson, A., Lambert-Messerlian, G., et al. (2022). HE4 and CA125 serum biomarker monitoring in women with epithelial ovarian cancer. Tumor Biol. 44 (1), 205–213. doi:10.3233/TUB-220016
 Santin, A. D., Vergote, I., González-Martín, A., Moore, K., Oaknin, A., Romero, I., et al. (2023). Safety and activity of anti-mesothelin antibody-drug conjugate anetumab ravtansine in combination with pegylated-liposomal doxorubicin in platinum-resistant ovarian cancer: multicenter, phase Ib dose escalation and expansion study. Int. J. Gynecol. Cancer 33 (4), 562–570. doi:10.1136/ijgc-2022-003927
 Schindler, A. J., Watanabe, A., and Howell, S. B. (2017). LGR5 and LGR6 in stem cell biology and ovarian cancer. Oncotarget 9 (1), 1346–1355. doi:10.18632/oncotarget.20178
 Seo, J., Lee, D. E., Kim, S. M., Kim, E., and Kim, J. K. (2023). Licochalcone A exerts anti-cancer activity by inhibiting STAT3 in SKOV3 human ovarian cancer cells. Biomedicines 11 (5), 1264. doi:10.3390/biomedicines11051264
 Shahriari, M., Kesharwani, P., and Sahebkar, A. (2023). “Aptamer-based theranostic approaches for treatment of cancer,” in Aptamers engineered nanocarriers for cancer therapy (United States: Elsevier).
 Shanghai Cell Therapy Group Co.,Ltd (2020). An exploratory study of αPD1-MSLN-CAR T cells secreting PD-1 nanobodies for the treatment of MSLN-positive advanced solid tumors. Available from: https://clinicaltrials.gov/study/NCT04503980.
 Shanghai East Hospital (2022). A phase I clinical study to evaluate the safety, tolerability, and efficacy of LCAR-M23, a CAR-T cell therapy targeting MSLN in patients with relapsed and refractory epithelial ovarian cancer. Available from: https://clinicaltrials.gov/study/NCT04562298.
 Shao, F., Pan, Z., Long, Y., Zhu, Z., Wang, K., Ji, H., et al. (2022). Nectin-4-targeted immunoSPECT/CT imaging and photothermal therapy of triple-negative breast cancer. J. Nanobiotechnology 20 (1), 243. doi:10.1186/s12951-022-01444-3
 Shao, R. (2013). YKL-40 acts as an angiogenic factor to promote tumor angiogenesis. Front. Physiol. 4, 122. doi:10.3389/fphys.2013.00122
 Shao, R., Hamel, K., Petersen, L., Cao, Q. J., Arenas, R. B., Bigelow, C., et al. (2009). YKL-40, a secreted glycoprotein, promotes tumor angiogenesis. Oncogene 28 (50), 4456–4468. doi:10.1038/onc.2009.292
 Sharma, S., Zuñiga, F., Rice, G. E., Perrin, L. C., Hooper, J. D., and Salomon, C. (2017). Tumor-derived exosomes in ovarian cancer - liquid biopsies for early detection and real-time monitoring of cancer progression. Oncotarget 8 (61), 104687–104703. doi:10.18632/oncotarget.22191
 Shen, Y. (2023). Clinical study of TCR-like CAR-T cell targeted MSLN in the treatment of ovarian cancer. Available from: https://clinicaltrials.gov/study/NCT05963100.
 Shi, Y., Riese, D. J., and Shen, J. (2020). The role of the CXCL12/CXCR4/CXCR7 chemokine Axis in cancer. Front. Pharmacol. 11, 574667. doi:10.3389/fphar.2020.574667
 Shizhuo, W., Tao, J., Shulan, Z., and Bing, Z. (2009). The expression and significance of Dickkopf-1 in epithelial ovarian carcinoma. Int. J. Biol. Markers 24 (3), 165–170. doi:10.5301/jbm.2009.767
 Sim, Y. H., Um, Y. J., Park, J. Y., Seo, M. D., and Park, S. G. (2022). A novel antibody-drug conjugate targeting nectin-2 suppresses ovarian cancer progression in mouse xenograft models. Int. J. Mol. Sci. 23 (20), 12358. doi:10.3390/ijms232012358
 Singh, D., Dilnawaz, F., and Sahoo, S. K. (2020). Challenges of moving theranostic nanomedicine into the clinic. Nanomedicine 15 (2), 111–114. doi:10.2217/nnm-2019-0401
 Slastnikova, T. A., Ulasov, A. V., Rosenkranz, A. A., and Sobolev, A. S. (2018). Targeted intracellular delivery of antibodies: the state of the art. Front. Pharmacol. 9, 1208. doi:10.3389/fphar.2018.01208
 Smith, H. O., Arias-Pulido, H., Qualls, C. R., Lee, S. J., Kuo, D. Y., Howard, T., et al. (2009). GPR30 predicts poor survival for ovarian cancer. Gynecol. Oncol. 114 (3), 465–471. doi:10.1016/j.ygyno.2009.05.015
 Soltész, B., Lukács, J., Szilágyi, E., Márton, E., Szilágyi Bónizs, M., Penyige, A., et al. (2019). Expression of CD24 in plasma, exosome and ovarian tissue samples of serous ovarian cancer patients. J. Biotechnol. 298, 16–20. doi:10.1016/j.jbiotec.2019.03.018
 Song, D. G., Ye, Q., Poussin, M., Chacon, J. A., Figini, M., and Powell, D. J. (2016). Effective adoptive immunotherapy of triple-negative breast cancer by folate receptor-alpha redirected CAR T cells is influenced by surface antigen expression level. J. Hematol. Oncol. 9, 56. doi:10.1186/s13045-016-0285-y
 Song, H., Quan, F., Yu, Z., Zheng, M., Ma, Y., Xiao, H., et al. (2019). Carboplatin prodrug conjugated Fe3O4 nanoparticles for magnetically targeted drug delivery in ovarian cancer cells. J. Mater Chem. B 7 (3), 433–442. doi:10.1039/c8tb02574f
 Song, J., Ye, H., Jiang, S., Yang, Y., and Li, X. (2022). An acid response IR780-based targeted nanoparticle for intraoperative near-infrared fluorescence imaging of ovarian cancer. Int. J. Nanomedicine 17, 4961–4974. doi:10.2147/IJN.S375145
 Song, L., Qi, J., Zhao, J., Bai, S., Wu, Q., and Xu, R. (2023). Diagnostic value of CA125, HE4, and systemic immune-inflammation index in the preoperative investigation of ovarian masses. Medicine 102 (37), e35240. doi:10.1097/MD.0000000000035240
 Standing, D., Feess, E., Kodiyalam, S., Kuehn, M., Hamel, Z., Johnson, J., et al. (2023). The role of STATs in ovarian cancer: exploring their potential for therapy. Cancers 15 (9), 2485. doi:10.3390/cancers15092485
 Stavnes, H. T., Nymoen, D. A., Hetland Falkenthal, T. E., Kærn, J., Tropé, C. G., and Davidson, B. (2014). APOA1 mRNA expression in ovarian serous carcinoma effusions is a marker of longer survival. Am. J. Clin. Pathology 142 (1), 51–57. doi:10.1309/AJCPD8NBSHXRXQL7
 Stewart, C., Ralyea, C., and Lockwood, S. (2019). Ovarian cancer: an integrated review. Seminars Oncol. Nurs. 35 (2), 151–156. doi:10.1016/j.soncn.2019.02.001
 St Lorenz, A., Moses, A. S., Mamnoon, B., Demessie, A. A., Park, Y., Singh, P., et al. (2023). A photoacoustic contrast nanoagent with a distinct spectral signature for ovarian cancer management. Adv. Healthc. Mater. 12 (9), 2202946. doi:10.1002/adhm.202202946
 Suardi, R. B., Ysrafil, Y., Sesotyosari, S. L., Martien, R., Wardana, T., Astuti, I., et al. (2020). The effects of combination of mimic miR-155-5p and antagonist miR-324-5p encapsulated chitosan in ovarian cancer SKOV3. Asian Pac J. Cancer Prev. 21 (9), 2603–2608. doi:10.31557/APJCP.2020.21.9.2603
 Sun, J., Cui, X. W., Li, Y. S., Wang, S. Y., Yin, Q., Wang, X. N., et al. (2020). The value of 18F-FDG PET/CT imaging combined with detection of CA125 and HE4 in the diagnosis of recurrence and metastasis of ovarian cancer. Eur. Rev. Med. Pharmacol. Sci. 24 (13), 7276–7283. doi:10.26355/eurrev_202007_21882
 Sun, W., Gui, L., Zuo, X., Zhang, L., Zhou, D., Duan, X., et al. (2016). Human epithelial-type ovarian tumour marker beta-2-microglobulin is regulated by the TGF-β signaling pathway. J. Transl. Med. 14 (1), 75. doi:10.1186/s12967-016-0832-x
 Sung, S., Hong, Y., Kim, B. G., Choi, J. Y., Kim, J. W., Park, S. Y., et al. (2023). Stratifying the risk of ovarian cancer incidence by histologic subtypes in the Korean Epithelial Ovarian Cancer Study (Ko-EVE). Cancer Med. 12 (7), 8742–8753. doi:10.1002/cam4.5612
 Suppiah, S. (2018). “The past, present and future of diagnostic imaging in ovarian cancer,” in Ovarian cancer - from pathogenesis to treatment (London, UK: IntechOpen).
 Sutro Biopharma, Inc (2023a). A phase 1 open-label, safety, pharmacokinetic and preliminary efficacy study of STRO-002, an anti-folate receptor alpha (FolRα) antibody-drug conjugate (ADC), in patients with advanced epithelial ovarian cancer (including fallopian tube or primary peritoneal cancers) and endometrial cancers. Available from: https://clinicaltrials.gov/study/NCT03748186.
 Sutro Biopharma, Inc. (2023b). REFRaME-O1: a phase 2 open-label study evaluating the efficacy and safety of luveltamab tazevibulin (STRO-002) in women with relapsed platinum-resistant epithelial ovarian cancer (including fallopian tube or primary peritoneal cancers) expressing folate receptor alpha (FOLR1). Available from: https://clinicaltrials.gov/study/NCT05870748.
 Taheri-Ledari, R., Zolfaghari, E., Zarei-Shokat, S., Kashtiaray, A., and Maleki, A. (2022). A magnetic antibody-conjugated nano-system for selective delivery of Ca(OH)2 and taxotere in ovarian cancer cells. Commun. Biol. 5 (1), 995. doi:10.1038/s42003-022-03966-w
 Tamir, A., Gangadharan, A., Balwani, S., Tanaka, T., Patel, U., Hassan, A., et al. (2016). The serine protease prostasin (PRSS8) is a potential biomarker for early detection of ovarian cancer. J. Ovarian Res. 9, 20. doi:10.1186/s13048-016-0228-9
 Tan, S., Day, D., Nicholls, S. J., and Segelov, E. (2022). Immune checkpoint inhibitor therapy in Oncology: current uses and future directions: JACC: CardioOncology state-of-the-art review. JACC CardioOncol 4 (5), 579–597. doi:10.1016/j.jaccao.2022.09.004
 Tang, Z., Qian, M., and Ho, M. (2013). The role of mesothelin in tumor progression and targeted therapy. Anticancer Agents Med. Chem. 13 (2), 276–280. doi:10.2174/1871520611313020014
 Tarannum, N., Kumar, D., and Agrawal, R. (2023). Facile titrimetric assay of lysophosphatidic acid in human serum and plasma for ovarian cancer detection. J. Cancer Prev. 28 (2), 31–39. doi:10.15430/JCP.2023.28.2.31
 Tarhriz, V., Bandehpour, M., Dastmalchi, S., Ouladsahebmadarek, E., Zarredar, H., and Eyvazi, S. (2019). Overview of CD24 as a new molecular marker in ovarian cancer. J. Cell. Physiology 234 (3), 2134–2142. doi:10.1002/jcp.27581
 Tayama, S., Motohara, T., Narantuya, D., Li, C., Fujimoto, K., Sakaguchi, I., et al. (2017). The impact of EpCAM expression on response to chemotherapy and clinical outcomes in patients with epithelial ovarian cancer. Oncotarget 8 (27), 44312–44325. doi:10.18632/oncotarget.17871
 Tegeler, C. M., Scheid, J., Rammensee, H. G., Salih, H. R., Walz, J. S., Heitmann, J. S., et al. (2022). HLA-DR presentation of the tumor antigen MSLN associates with clinical outcome of ovarian cancer patients. Cancers (Basel) 14 (9), 2260. doi:10.3390/cancers14092260
 Todaro, B., Ottalagana, E., Luin, S., and Santi, M. (2023). Targeting peptides: the new generation of targeted drug delivery systems. Pharmaceutics 15 (6), 1648. doi:10.3390/pharmaceutics15061648
 Tomiyama, E., Fujita, K., Rodriguez Pena, M. D. C., Taheri, D., Banno, E., Kato, T., et al. (2020). Expression of nectin-4 and PD-L1 in upper tract urothelial carcinoma. Int. J. Mol. Sci. 21 (15), 5390. doi:10.3390/ijms21155390
 Tsourkas, A. (2019). “Developing targeted theranostic nanoparticles: challenges and potential solutions,” in Frontiers of engineering: reports on leading-edge engineering from the 2018 symposium (United States: National Academies Press). 
 Tuft Stavnes, H., Nymoen, D. A., Hetland Falkenthal, T. E., Kærn, J., Tropé, C. G., and Davidson, B. (2014). APOA1 mRNA expression in ovarian serous carcinoma effusions is a marker of longer survival. Am. J. Clin. Pathol. 142 (1), 51–57. doi:10.1309/AJCPD8NBSHXRXQL7
 Tuncer, S. B., Erdogan, O. S., Erciyas, S. K., Saral, M. A., Celik, B., Odemis, D. A., et al. (2020). miRNA expression profile changes in the peripheral blood of monozygotic discordant twins for epithelial ovarian carcinoma: potential new biomarkers for early diagnosis and prognosis of ovarian carcinoma. J. Ovarian Res. 13, 99. doi:10.1186/s13048-020-00706-8
 University of Colorado, Denver (2023). A phase II evaluation of maintenance therapy combination mirvetuximab soravtansine and olaparib in recurrent platinum sensitive ovarian, peritoneal, and fallopian tube cancer. Available from: https://clinicaltrials.gov/study/NCT05887609.
 van den Brand, D., van Lith, S. A. M., de Jong, J. M., Gorris, M. A. J., Palacio-Castañeda, V., Couwenbergh, S. T., et al. (2020). EpCAM-binding DARPins for targeted photodynamic therapy of ovarian cancer. Cancers (Basel) 12 (7), 1762. doi:10.3390/cancers12071762
 Wang, S., and Zhang, S. (2011). Dickkopf-1 is frequently overexpressed in ovarian serous carcinoma and involved in tumor invasion. Clin. Exp. Metastasis 28 (6), 581–591. doi:10.1007/s10585-011-9393-9
 Wang, T., Gao, Y., Wang, X., Tian, J., Li, Y., Yu, B., et al. (2022). Establishment of an optimized CTC detection model consisting of EpCAM, MUC1 and WT1 in epithelial ovarian cancer and its correlation with clinical characteristics. Chin. J. Cancer Res. 34 (2), 95–108. doi:10.21147/j.issn.1000-9604.2022.02.04
 Wang, X., Zhu, L., Tao, G., and Ma, X. (2023). “Feature fusion-based automatic grading of color Doppler flow within ovarian masses in ultrasound images,” in Proceedings of the 2023 9th international conference on computing and artificial intelligence (New York, NY, USA: Association for Computing Machinery).
 Wang, X. X., Xing, L. Y., Zhong, H., Wang, Z. R., and Fan, J. B. (2015). Expression of CD24 and OPN in ovarian epithelial tumor and their relationship with invasion metastasis. J. Xi’an Jiaot. Univ. Med. Sci. 36 (5), 672–676. 
 Wang, H., Liu, W., Wei, D., Hu, K., Wu, X., and Yao, Y. (2014). Effect of the LPA-mediated CXCL12-CXCR4 axis in the tumor proliferation, migration and invasion of ovarian cancer cell lines. Oncol. Lett. 7 (5), 1581–1585. doi:10.3892/ol.2014.1926
 Washington, C., Gunderson, C. C., and Mannel, R. S. (2023). “8 - adnexal masses,” in DiSaia and creasman clinical gynecologic Oncology ed . Editors WT Creasman, DG Mutch, RS Mannel, and KS Tewari. Tenth Edition (Philadelphia: Elsevier), 229–249.
 Wei, R., Rodrìguez, R. A., Mullor, M., del, M. R., Tan, Z., Gui, Y., et al. (2020). Analyzing the prognostic value of DKK1 expression in human cancers based on bioinformatics. Ann. Transl. Med. 8 (8), 552. doi:10.21037/atm-20-3263
 Weidemann, S., Gorbokon, N., Lennartz, M., Hube-Magg, C., Fraune, C., Bernreuther, C., et al. (2023). High homogeneity of mesothelin expression in primary and metastatic ovarian cancer. Appl. Immunohistochem. Mol. Morphol. 31 (2), 77–83. doi:10.1097/PAI.0000000000001097
 Williams, R. M., Lee, C., Galassi, T. V., Harvey, J. D., Leicher, R., Sirenko, M., et al. (2018). Noninvasive ovarian cancer biomarker detection via an optical nanosensor implant. Sci. Adv. 4 (4), eaaq1090. doi:10.1126/sciadv.aaq1090
 Wong, C., Mulero, M. C., Barth, E. I., Wang, K., Shang, X., Tikle, S., et al. (2023). Exploiting the receptor-binding domains of R-spondin 1 to target leucine-rich repeat-containin G-coupled protein receptor 5-expressing stem cells in ovarian cancer. J. Pharmacol. Exp. Ther. 385 (2), 95–105. doi:10.1124/jpet.122.001495
 xiang, C. P., yan, Li Q., and Yang, Z. (2013). Axl and prostasin are biomarkers for prognosis of ovarian adenocarcinoma. Ann. Diagnostic Pathology 17 (5), 425–429. doi:10.1016/j.anndiagpath.2013.01.005
 Xiong, Y., Xiong, Y., Xu, Z., and Cai, H. (2016). Expression and significance of lysophosphatidic acid receptors 1-3 in human ovarian tumors. Med. J. Wuhan Univ. 37 (6), 911–915. doi:10.14188/j.1671-8852.2016.06.011
 Xiong, Y., Xiong, Y. Y., Xu, Z. G., and Cai, H. B. (2017). Differential expression of lysophosphatidic acid (LPA) receptors in human ovarian carcinomas. Eur. J. Gynaecol. Oncol. 38 (4), 564–569. doi:10.12892/ejgo3427.2017
 Xue, Y., Gao, Y., Meng, F., and Luo, L. (2021). Recent progress of nanotechnology-based theranostic systems in cancer treatments. Cancer Biol. Med. 18 (2), 336–351. doi:10.20892/j.issn.2095-3941.2020.0510
 Yang, C., Zhang, T., Gong, A., and Shi, C. (2023a). Influence of lymphadenectomy on survival and recurrence in patients with early-stage epithelial ovarian cancer: a meta-analysis. BMC Women’s Health 23 (1), 474. doi:10.1186/s12905-023-02615-6
 Yang, Y., Huang, Q., Xiao, Z., Liu, M., Zhu, Y., Chen, Q., et al. (2022). Nanomaterial-based biosensor developing as a route toward in vitro diagnosis of early ovarian cancer. Mater Today Bio 13, 100218. doi:10.1016/j.mtbio.2022.100218
 Yang, Y., Zhu, G., Yang, L., and Yang, Y. (2023b). Targeting CD24 as a novel immunotherapy for solid cancers. Cell Commun. Signal. 21 (1), 312. doi:10.1186/s12964-023-01315-w
 Yao, J. Z., Tsigelny, I. F., Kesari, S., and Kouznetsova, V. L. (2023). Diagnostics of ovarian cancer via metabolite analysis and machine learning. Integr. Biol. 15, zyad005. doi:10.1093/intbio/zyad005
 Yildiz, Y., Kabadayi, G., Yigit, S., Kucukzeybek, Y., Alacacioglu, A., Varol, U., et al. (2019). High expression of mesothelin in advanced serous ovarian cancer is associated with poor prognosis. J. BUON 24 (4), 1549–1554.
 Yu, L., Mao, X., Wu, S., Zhou, L., Song, W., Gong, X., et al. (2019). The correlation of the expressions of WWOX, LGR5 and vasohibin-1 in epithelial ovarian cancer and their clinical significance. Int. J. Clin. Exp. Pathol. 12 (1), 327–336.
 Yu, X., Zhang, Y., and Chen, H. (2016). LPA receptor 1 mediates LPA-induced ovarian cancer metastasis: an in vitro and in vivo study. BMC Cancer 16 (1), 846. doi:10.1186/s12885-016-2865-1
 Zamanian-Daryoush, M., and DiDonato, J. A. (2015). Apolipoprotein A-I and cancer. Front. Pharmacol. 6, 265. doi:10.3389/fphar.2015.00265
 Zeng, T., Cao, Y., Jin, T., Tian, Y., Dai, C., and Xu, F. (2021). The CD112R/CD112 axis: a breakthrough in cancer immunotherapy. J. Exp. Clin. Cancer Res. 40 (1), 285. doi:10.1186/s13046-021-02053-y
 Zhan, F., He, L., Yu, Y., Chen, Q., Guo, Y., and Wang, L. (2023). A multimodal radiomic machine learning approach to predict the LCK expression and clinical prognosis in high-grade serous ovarian cancer. Sci. Rep. 13 (1), 16397. doi:10.1038/s41598-023-43543-7
 Zhang, J., Ding, H., Zhang, F., Xu, Y., Liang, W., and Huang, L. (2023). New trends in diagnosing and treating ovarian cancer using nanotechnology. Front. Bioeng. Biotechnol. 11, 1160985. doi:10.3389/fbioe.2023.1160985
 Zhang, P., Li, Y., Tang, W., Zhao, J., Jing, L., and McHugh, K. J. (2022b). Theranostic nanoparticles with disease-specific administration strategies. Nano Today 42, 101335. doi:10.1016/j.nantod.2021.101335
 Zhang, Q., Kuang, G., He, S., Lu, H., Cheng, Y., Zhou, D., et al. (2020). Photoactivatable prodrug-backboned polymeric nanoparticles for efficient light-controlled gene delivery and synergistic treatment of platinum-resistant ovarian cancer. Nano Lett. 20 (5), 3039–3049. doi:10.1021/acs.nanolett.9b04981
 Zhang, R., Siu, M. K. Y., Ngan, H. Y. S., and Chan, K. K. L. (2022a). Molecular biomarkers for the early detection of ovarian cancer. Int. J. Mol. Sci. 23 (19), 12041. doi:10.3390/ijms231912041
 Zhang, R., Yang, X., Roque, D. M., Li, C., and Lin, J. (2021). A novel small molecule LLL12B inhibits STAT3 signaling and sensitizes ovarian cancer cell to paclitaxel and cisplatin. PLOS ONE 16 (4), e0240145. doi:10.1371/journal.pone.0240145
 Zhang, T., Yi, X., Lu, J., and Fu, A. (2017). Clinical evaluation of MRI in the differential diagnosis between benign and malignant ovarian tumors. Eur. J. Gynaecol. Oncol. 38 (2), 257–262.
 Zhao, H., Wu, L., Dai, J., Sun, K., Zi, Z., Guan, J., et al. (2023b). Ligand-based adoptive T cell targeting CA125 in ovarian cancer. J. Transl. Med. 21 (1), 596. doi:10.1186/s12967-023-04271-8
 Zhao, T., Su, Z., Li, Y., Zhang, X., and You, Q. (2020). Chitinase-3 like-protein-1 function and its role in diseases. Sig Transduct. Target Ther. 5 (1), 201–220. doi:10.1038/s41392-020-00303-7
 Zhao, Z., Sun, C., Hou, J., Yu, P., Wei, Y., Bai, R., et al. (2023a). Identification of STEAP3-based molecular subtype and risk model in ovarian cancer. J. Ovarian Res. 16 (1), 126. doi:10.1186/s13048-023-01218-x
 Zheng, J., Wang, Y., Zhao, L., Zhao, S., and Cui, M. (2017). Overexpression of CD44 and EpCAM may be associated with the initiation and progression of epithelial ovarian cancer. Int. J. Clin. Exp. Pathology 10 (4), 4780–4786. 
 Zhong, Y., Wang, Y., Huang, J., Xu, X., Pan, W., Gao, S., et al. (2019). Association of hCG and LHCGR expression patterns with clinicopathological parameters in ovarian cancer. Pathology Res. Pract. 215 (4), 748–754. doi:10.1016/j.prp.2019.01.001
 Zoń, A., and Bednarek, I. (2023). Cisplatin in ovarian cancer treatment—known limitations in therapy force new solutions. Int. J. Mol. Sci. 24 (8), 7585. doi:10.3390/ijms24087585
 Zou, L., He, X., and Zhang, J. W. (2010). The efficacy of YKL-40 and CA125 as biomarkers for epithelial ovarian cancer. Braz J. Med. Biol. Res. 43 (12), 1232–1238. doi:10.1590/s0100-879x2010007500133
 Zuo, S., Wen, Y., Panha, H., Dai, G., Wang, L., Ren, X., et al. (2017). Modification of cytokine-induced killer cells with folate receptor alpha (FRα)-specific chimeric antigen receptors enhances their antitumor immunity toward FRα-positive ovarian cancers. Mol. Immunol. 85, 293–304. doi:10.1016/j.molimm.2017.03.017
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Rajapaksha, Khetan, Johnson, Blencowe, Garg, Albrecht and Gillam. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fddev-04-1339936-t003.jpg
ker  Type Source Detected in  Applica References
CXCL12 Chemokine protein Tissue Tissue biopsy Diagnosis, targeted therapy  Salomonnson et al. (2013), Guo et al. (2014), Mao et al.
(2017)
CXCR4 Protein Tissue Tissue biopsy Diagnosis, prognosis, Salomonnson et al. (2013), Guo etal. (2014), Li etal. (2014),
targeted therapy Liu et al. (2014), Lim et al. (2023)
EPCAM Transmembrane Tissue Tissue biopsy Diagnosis, targeted therapy  Ploeg et al. (2023), van den Brand et al. (2020), Wang et al.
glycoprotein (2022), Zheng et al. (2017)
FSHR Transmembrane Tissue Tissue biopsy Diagnosis, prognosis Deuster et al. (2019)
receptor
GPERI Protein Tissue Tissue biopsy Diagnosis Long and Duan (2022)
LGRS/6 Protein Tissue Tissue biopsy Diagnosis, prognosis Yu et al. (2019), LEE et al. (2020, Kim et al. (2022)
LHCGR Transmembrane Tissue Tissue biopsy Diagnosis, prognosis, Kawai et al. (2018), Zhong et al. (2019)
receptor therapy
LPAR2/3 Protein Tissue Tissue biopsy Xiong et al. (2016), Xiong et al. (2017)
LPA Bioactive phospholipid  Tissue Serum Diagnosis Ahmadi et al. (2023), Tarannum et al. (2023)
RSPO1 Secreted protein Tissue Serum, tissue Diagnosis, targeted therapy  Liu et al. (2019), LEE et al. (2020)
biopsy
SDC3 Transmembrane Tissue Serum, tissue Diagnosis, targeted therapy  Hillemeyer et al. (2022)
proteins biopsy






OPS/images/fddev-04-1339936-t001.jpg
Bi ker Type Source Detected in Application References
APOAL (ApoA-1) Protein Tissue Plasma Diagnosis, prognosis Stavnes et al. (2014), Pal et al. (2015), Moore
et al. (2019), Reilly et al. (2023)

B2M (B2-microglobulin) | Protein Tissue Serum Diagnosis Pal et al. (2015), Reilly et al. (2023)

FOLRI Receptor Tissue Tissue biopsy Diagnosis, therapy Dilawari et al. (2023), Nwabufo (2023)

HE4 (Human epididymis | Glycoprotein | Tissue Serum Prognosis, dual marker with MUCI6  Barr et al. (2022), Samborski et al. (2022)

protein 4)

MUCIG (CA-125) Glycoprotein | Tissue Serum Diagnosis, prognosis, discase Zhao et al. (2023b), Luo et al. (2023), Song et al.
stabilization, targeted therapy (2023)

TF (Transferrin) Protein Blood Serum Diagnosis Ivanova et al. (2022), Reilly et al. (2023)

TTR (Transthyretin) Protein Tissue Serum Diagnosis Clarke et al. (2011), Moore et al. (2019), Reilly

et al. (2023)






OPS/images/fddev-04-1339936-t002.jpg
Detected in

Application

Clinical trial numbe

References

cD24 GPl-anchored Tissue Tissue biopsy Diagnosis, targeted | NA Wang et al. (2015), Soltész et al.
glycosylated protein therapy (2019), Ashihara et al. (2020),
Nagare et al. (2020)
CHISLI (YKL40) | Protein Tissue Serum Diagnosis, targeted | NCT00899093, NCT05810701 | Kahramanoglu et al. (2018),
therapy Deveci etal. (2019), Chang et al.
(2022)
FLT4 (VEGFR3) | Tyrosine kinase Tissue Tissue biopsy Diagnosis, targeted | NCT05494580 Klasa-Mazurkiewicz et al.
receptors therapy (2011), Babaei et al. (2023b)
KLK6, KLKI0  Serine proteases Blood Serum Diagnosis NA Pépin et al. (2011), Koh et al.
(2012), Geng et al. (2017)
MSLN GPl-anchored Tissue Serum Diagnosis, targeted | NCT00155740 Yildiz et al. (2019), Tegeler etal.
Glycoprotein therapy (2022), Weidemann et al.
(2023)
Nectin-2 Glycoprotein Tissue Serum, tissue Diagnosis NCT03667716 Bekes et al. (2019), Zeng et al.
(2021), Sim et al. (2022)
Nectin-4 Glycoprotein Tissue Serum, tissue Diagnosis, targeted | NCT02091999, NCT04561362 | Rogmans et al. (2022)
therapy
PSN (Prostasin)  GPI-anchored Seminal  Serum Diagnosis NA Tamir etal. (2016), Bastani etal.
extracellular serine | fluid 017)
protease
SLC34A2 Solute carrier Tissue Tissue biopsy Diagnosis, targeted | NCT03319628 Lin et al. (2015), Banerjee et al.
(NaPi2B) phosphate transport therapy (2018), Nurgalieva et al. (2021),

protein

Banerjee et al. (2023b)






OPS/xhtml/nav.xhtml
Contents

		Cover

		Future theranostic strategies: emerging ovarian cancer biomarkers to bridge the gap between diagnosis and treatment		1 Introduction

		2 Ovarian cancer diagnosis		2.1 Implementation of biomarkers in current clinical practice

		2.2 Biomarkers in clinical development

		2.3 Biomarkers in pre-clinical development





		3 Current trends of novel and emerging ovarian cancer theranostic targets		3.1 MUC16 and MSLN as a novel theranostic target combination for future ovarian cancer treatment

		3.2 FOLR1 is currently the only fully validated theranostic ovarian cancer target

		3.3 Potential of miscellaneous biomarker candidates to advance from clinical development to theranostic applications

		3.4 Assessment of experimental biomarkers as future theranostic targets





		4 Nanoparticles: a platform for the incorporation of diagnostic and therapeutic elements

		5 Challenges and future perspectives

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Drug Delivery






OPS/images/fddev-04-1339936-g001.gif
o}g 8 ‘\”(,‘g\‘fmma’ke' MRI and CT -
5 ; scanning (* %
7N

PET scanning [ -
< ro

W (=)
65 4 88 siosensors

Tissue Biopsy

!Serum .

& gchemo. Radiation

we,, €9
Immuno  Small
%ﬁ molecules
i

Therap\






OPS/images/fddev-04-1339936-g002.gif
ANy O @ yiE

e
ANt WU o e Dt s
ot R ORI Tl g
P s, s G W
L
i
o< s aic - DT
Womon o s
i Sty

G, e
W o e

Pttt
sl antcancer 1 cells
ot s st
antit xwwlm Anti-SIC34AZ ADC
T d preteey
flon L] ok ot

e
S mlecues
e

3 = oo ’ < \

prrssou, | Nosnies | wsons

cansmmmamooumes st | i | ori .

it O e sy | b Padasiks

- ® waroTa *ﬂ;  Pacitarel A muce
S Chemathenmydoss @ co0mA Ovonticn % usuom









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Drug Delivery





