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Ovarian cancer is the 5th most common and the deadliest gynecological cancer, with a 5-year survival rate of less than 50 percent. Most deaths due to ovarian cancer are caused by recurrent disease, which typically corresponds to an increase in chemoresistance of the tumor cells. However, little is known about how ovarian tumor chemoresponse changes and if such changes are regulated by the tumor microenvironment (TME). Moreover, the ovarian TME, including the tissue compositions and biomechanical features, is not well-characterized primarily due to a lack of optimal models. To more effectively characterize the TME of ovarian cancer, which may help develop innovative treatment strategies, appropriate models are desperately needed. The most utilized models include mouse models with both patient-derived xenografts and mouse or human tumor cell line derivatives, and more recently microphysiological systems (MPS). While mouse models provide high levels of physiological complexity, there is virtually no control over the TME components after tumor initiation or implantation. On the other hand, MPS or organoid models permit high levels of control of initial composition but lack many features of in vivo models. Selection of appropriate components to create a TME model is paramount for generating a physiologically relevant in vitro and ex vivo systems. The importance of biomaterial or matrix selection in ovarian TME models lies in the role of these components to activate oncogenic signaling pathways either through receptor-ligand interactions or mechanotransduction. Recent studies suggest that off-target or post-target effects of chemotherapies may interfere with mechanotransductive pathways. In ovarian cancer, changes in fibrous proteins, adhesive glycoproteins, and glycosaminoglycans can remodel the mechanical environment, further altering mechanotransductive pathways. Therefore, the next-generation of ovarian tumor models should incorporate relevant biomaterials including hyaluronic acid (HA), collagens, fibrinogen, and fibronectin to investigate the link between matrix properties and mechanobiology with metastasis and chemoresistance.
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1 INTRODUCTION
With a 5-year survival rate of less than 50%, ovarian cancer is the deadliest gynecological cancer and affects 20,000 individuals per year (Penny, 2020). Many cases of ovarian cancer are diagnosed at later stages, when the disease has metastasized to either the peritoneum,omentum, or distant organs (Lengyel, 2010). Moreover, many patients suffer from recurrent disease that is resistant to chemotherapies (Lengyel, 2010). A significant limitation to improving anti-cancer therapies for these patients is lack of preclinical models that accurately mimic the complicated stromal and mechanical features present in and around the growing ovarian tumor. While mouse models have offered insights to ovarian cancer signaling and development of new therapies, there is limited ability to investigate the specific role of material and biomechanical properties that drive ovarian cancer growth, metastasis, and response to therapies (Martinez et al., 2021). Recent work has suggested that biomechanical stimulation enhances ovarian cancer growth (Martinez et al., 2021). Additionally, there is evidence to suggest that off- or post-target effects of common chemotherapies used in ovarian cancer treatment may be linked to mechanotransduction pathways (Novak et al., 2020; Martinez et al., 2021). The changes to the tumor microenvironment (TME) during ovarian cancer growth include deposition of ECM proteins that further promote proliferation or metastatic events as well as dramatic changes in biomechanical forces including tension, shear, and compression (Figure 1) (Henke et al., 1996; Shen et al., 2012; Yousif, 2014). Deeper understanding of how the TME composition and mechanical properties change during ovarian cancer progression is needed to develop effective novel anti-cancer therapies. Despite this, TME and its effects on cancer progression are not well characterized. To more effectively characterize the TME of ovarian cancer, and develop the next-generation of treatments, an appropriate model should be chosen. In addition to traditional in vitro models, this review will discuss two main types of ovarian cancer models, mouse models and 3D tumor models (Ibrahim et al., 2022; Tsang et al., 2022). As models have advanced, the ability to control the matrix material has dramatically improved and yielded novel insights about tumor growth. This review will focus on discussing several common matrix proteins shown to regulate ovarian cancer growth, mechanical forces in the TME that drive remodeling, and the signaling pathways involved, and changes to tumor cell chemoresponse (Figure 2). Additionally, we will compare in vitro, and in vivo models currently used to investigate the biomechanical TME as it relates to ovarian tumor progression.
[image: Figure 1]FIGURE 1 | Matrix and cellular components found in the ovarian TME (A) Schematic showing changes in biomechanical forces present in the ovarian TME during disease progression. Shear forces are increased due to accumulation of ascites fluid; these forces are responsible for shearing ovarian cancer cells off of primary tumors (inset) and disseminating circulating tumor cells throughout the peritoneal cavity, leading to metastasis. Compressive forces are increased in the ovarian TME as the tumor cells continue to proliferate and additional ECM proteins are synthesized and deposited near the growing mass. Tension is increased around the tumor periphery due to the increased ECM inside the tumor as well as the increase in tumor size. Tensile forces may also be imparted by stromal cells in the TME, including CAFs, which demonstrate enhanced contractility to generate micro-strains in the matrix (B) The local TME is composed of both multiple cell types and numerous ECM materials during ovarian tumor progression. In addition to tumor cells and CAFS, some tumor cells will take on stem-like properties; these cells have been implicated as regulators of metastasis, dormancy, and chemoresistance. Various ECM proteins become dysregulated during tumor progression, including the stiffening of the tumor matrix through deposition and organization of fibrous components.
[image: Figure 2]FIGURE 2 | Overview of signaling pathways involved in ovarian tumor progression based on different ECM components. At the top of the image, the matrix proteins are shown tied to the cell surface receptors (green) that they interact with. Intracellular signaling pathways (purple) connect the surface proteins to phenotypic changes associated with classic hallmarks of cancer (bottom of figure) (Hanahan and Weinberg, 2011). For clarity, interactions between pathways are not highlighted (e.g.,—MAPK, ROCK, FAK). Solid green arrows indicate increases in signaling; dashed green arrows represent co-receptor associations. The red line is an inhibited pathway. Black dashed lines are used to tie hallmarks of cancer to specific cellular features associated with the behaviors.
2 MATRIX COMPONENTS IN THE OVARIAN TME
To develop innovative in vitro models of the ovarian TME, a crucial consideration is the selection of appropriate matrix components that provide both physiological relevance and ability to easily interrogate cellular behaviors. The composition of the ovarian TME, in terms of matrix proteins and mechanical properties are significant regulators of disease progression (Mendoza-Martinez et al., 2021). Previous work has been done to highlight how individual components of the TME can activate oncogenic signaling pathways either through receptor ligand interactions or mechanotransduction (Horowitz et al., 2020). This review will highlight how the matrix proteins of the ovarian TME are directly responsible for promoting specific cellular behaviors. This will include a discussion of the prominent matrix components or features in the TME, inclusion of which could provide improved in vitro models to elucidate cancer cell behaviors. Materials present in the ovarian TME that should be considered when creating a models include fibrous proteins, adhesive glycoproteins, and glycosaminoglycans. Fibrous proteins, such as collagen, can contribute to an increase in TME stiffness, which is a common characteristic of cancer progression (Fogg et al., 2020). Adhesive glycoproteins are prevalent in the TME of several types of solid tumors. Glycosaminoglycans found in the ovarian TME can act as signaling molecules that are upstream of oncogenic signaling pathways (Wei et al., 2020). The changes in the types and amounts of matrix proteins present during ovarian cancer progression causes significant changes in the microenvironment stiffness and observed mechanical forces, and in turn, this dynamically-remodeling TME alters cancer cell signaling (Bregenzer et al., 2019). Furthermore, inclusion of mechanical factors that may impact cancer cell signaling, such as increased pressures or shears that mimic ascites build up would enhance the physiological relevance of the models while uncovering mechanobiological regulation of ovarian tumor growth. This review will discuss recent advancements in in vitro models that unite material and mechanical features to generate highly complex ex vivo TME systems for investigating cancer progression.
2.1 Fibrous proteins
Fibrous proteins, including collagens and laminins, are a vital part of the ovarian TME providing both strength and overall structure to the matrix during all stages of the disease. The majority of fibrous proteins in the ovarian TME are from the collagen family, which includes fibrillar, non-fibrillar, and fibrillar-associated collagens (Cho et al., 2015). The most prevalent fibrous proteins in the ovarian ECM are the fibrillar collagens and the most abundant and important of the fibrillar collagen are type I, III, IV, and XI (Banzato et al., 2008; Carter and Raggio, 2009; Grässel and Bauer, 2013; Cho et al., 2015). The structure of these collagen proteins comprised of three alpha chains organized into a triple helix. These helices are arranged in parallel strands in a normal microenvironment interacting with other ECM components. However, during tumor progression, more collagen fibrils are produced leading to localized disorganization and ultimately “push” into the surrounding tissue. The protrusion of nascently deposited collagen into healthy tissues is thought to be an important linkage that enhances invasive behaviors, migratory characteristics, and chemoresistance of tumor cells (Cho et al., 2015). Studies have shown that collagen type I, specifically, has demonstrated to increase ovarian tumor cell invasive behavior due to increasing directionality within the tumor, potentially through ROCK inhibition (Alkmin et al., 2020). This collagen subtype has also been linked to upregulation of the protein tau which can increase chemoresistance to paclitaxel within the tumor (Ahmed et al., 2005; Shen et al., 2012; Cho et al., 2015). Increased collagen type III crosslinking in the ovarian TME has been linked to more progressed disease states (Kauppila et al., 1996). In addition, studies looking at IHC data derived from patient samples suggest that ovarian ECM collagen type IV decreases at the onset of tumorigenesis but then increases as the cancer develops and begins metastasis (Capo-Chichi et al., 2002). On the other hand, increases in levels of collagen type XI serve as a biomarker for tumor onset and potential recurrence (Cheon et al., 2014; Raglow and Thomas, 2015). Each of these specific collagen subtypes play a different role in promoting ovarian tumor growth or as markers of disease progression, highlighting the inherit complexity of the TME involved with regulating cancer cell growth, metastasis, or response to therapies.
In noncancerous ovaries, over 50% of all ovarian cell types express at least one gene associated with laminin production, with most cells expressing at least three different laminin genes, making laminins a key component to consider in the development of novel in vitro or ex vivo ovarian models (Ricciardelli and Rodgers, 2006; Hao et al., 2020). As a part of the basal lamina, laminin acts as an adhesion site for normal and cancerous ovarian cells through beta-1 integrin signaling (Capo-Chichi et al., 2002; Ahmed et al., 2005; He et al., 2015; Ajeti et al., 2017). In early ovarian cancer stages, the loss of laminin may lead to changes in tumor cell proliferation; however, as the disease progresses laminin expression increases and this may promote shedding into the peritoneal space and subsequent metastatic invasion of the peritoneum (Yang et al., 2002; Bar et al., 2004). This is further demonstrated by increased laminin observed in ascitic fluid of ovarian cancer patients and in metastases but not in serum levels or primary tumor sites (Byers et al., 1995; Capo-Chichi et al., 2002). Therefore, inclusion of laminin in appropriate ovarian TME models should consider not only laminin types and levels but also the stage of disease to be modeled. Current examples of such models and divergent ovarian tumor cell behaviors observed will be described in detail in a later section of this review.
2.2 Adhesive Glycoproteins
Adhesive glycoproteins, such as fibrinogen and fibronectin, are characterized by being able to interact with both integrins and the ECM surrounding the cells. Increases in fibrin and fibronectin in the ovarian TME is associated with several hallmarks of cancer including the following: tumor promoting inflammation, inducing angiogenesis, sustaining proliferative signaling, activating invasion and metastasis (Hanahan and Weinberg, 2011). By linking integrins and the ECM, these glycoproteins further play a role in cancer cell migration behaviors. Fibronectin is secreted by normal fibroblasts and cancer associated fibroblasts (CAFs). In the ovarian TME, it is theorized that CAFs supply the majority of fibronectin (Rick et al., 2019). In healthy, non-cancerous tissues fibronectin creates a fibrous matrix that acts as a scaffold and plays a role in cell signaling for differentiation, migration, and vascular wound healing through thrombosis (Obara et al., 1988; Jarnagin et al., 1994; Ni et al., 2003; Singh et al., 2010). Fibronectin plays a role in matrix assembly by binding to other fibronectin and forming fibronectin fibrils (Singh et al., 2010). These fibrils can elongate and cause tension between cells, this tension can alter the mechanical environment in the ovarian TME (Friedland et al., 2009). A hallmark of CAFs includes the overproduction and remodeling of matrix proteins compared to normal, quiescent fibroblasts (Alcoser et al., 2015; Sewell-Loftin et al., 2017). Ultimately, the CAFs create a stiffer TME compared to noncancerous tissues (Deng et al., 2022). Integrin interactions play a vital role in promotion and inhibition of fibronectin assembly. Increases in α5β1integrin has been shown to be able increase fibronectin in mouse ovary and may play a role in TME matrix remodeling (Giancotti et al., 1990). It has been suggested that CAF-secreted fibronectin and the resulting fibronectin fiber orientation leads cancer cells into an organized and directional migration during metastasis (Erdogan et al., 2017). The increased fibronectin in the TME compared to a healthy ovarian ECM can lead to cancer metastasis through various oncolytic pathways, angiogenesis, and proliferation. These oncolytic pathways include FAK which is associated with migration and invasion (Yousif, 2014). In murine models, knocking out fibronectin production led to a decrease in the cancer cell ability to proliferate, attach, and metastasize (Kenny et al., 2014). Fibrin is another adhesive glycoprotein that promotes proliferation and migration in ovarian tumor cells (Henke et al., 1996). Fibrin also plays a role in angiogenesis through various mechanisms including IL-8 signaling, integrin binding, and through fibrin degradation products (Yang et al., 1993; Bach et al., 1998; Lalla et al., 2001; Martinez et al., 2001). It has been shown that fibrin in the TME can be used for cancer cell adhesion and plays a role in cancer metastasis (Shahid et al., 2019).
2.3 Glycosaminoglycans
Glycosaminoglycans (GAGs) are a family of negatively charged polysaccharides found in the ECM and on cell surfaces throughout the body in both normal and diseased tissues. GAGs play a role in wound healing, cellular communication, and cellular adhesion (Rabenstein, 2002; Volpi, 2006; Chalkiadaki et al., 2009). There are four main categories of GAGs: hyaluronic acid (HA), heparan sulfate, chondroitin sulfate, and keratin sulfate, all of which may be found in the ovarian TME (Whitham et al., 1999; Davies et al., 2004; Morla, 2019; Biskup et al., 2021). During ovarian tumor progression, GAGs have been shown to be involved in cellular adhesion, angiogenesis, proliferation, drug resistance, and metastasis (Sasisekharan et al., 2002; Chen et al., 2009; Vallen et al., 2014). HA is the only non-sulfonated GAG and is commonly found in the ovarian ECM. Previous studies have shown that an increase in HA in the ovarian TME is associated with a worse prognosis (Oliveira-Ferrer et al., 2022). The main role of HA is keeping the tissue hydrated (Morla, 2019). It also has a role in cell signaling as the ligand for cell surface receptor, CD44, which is a cancer stem cell marker and is associated with cancer cell proliferation and migration through MAPK cell signaling pathway. HA can be separated into 2 categories, high molecular weight (greater than 1 MDa) and low molecular weight (less than 1 MDa), with different molecular weight HAs having divergent regulatory behaviors in tumor progression and cellular behaviors (Turley et al., 2002). High molecular weight HA has been shown to have anti-inflammatory and immunosuppressive properties (Prevo et al., 2001) while on the other hand low molecular weight HA has been linked to an inflammatory response (Noble et al., 1996; Rowley et al., 2020). The higher the molecular weight of HA, the more affinity the molecule has for CD44 (Lesley et al., 2000). HA signals for cell motility through the Receptor for Hyaluronan-Mediated Motility (RHAMM). Motility is activated by interactions with actin filaments and microtubules (Zaman et al., 2005). RHAMM signaling is also upstream of ERK and Src cell signaling cascades. RHAMM can be found on tumor cell surfaces and the ERK and Src signaling cascades are commonly upregulated in ovarian cancer (Wiener et al., 2003; Jiang et al., 2019). It has been suggested that RHAMM and CD44 may co-localize for HA signaling (Carvalho et al., 2021). CD44 also colocalizes with multiple drug resistant protein 1 (MDR1) making it also associated with chemotherapy drug resistance (Chen et al., 2009). High molecular weight HA also plays a role in metabolism by diminishing oxidate stress and absorbing Reactive Oxygen Species (ROS) (Pauloin et al., 2008). Through CD44 signaling, HA can regulate reduction/oxidation states and ROS generation (Ye et al., 2012). This relates to altered metabolism that can be observed in ovarian cancer cells (Nantasupha et al., 2021). There is also evidence that high molecular weight HA is able to “coat” a cell surface with CD44 which acts as a protective layer to prevent the activation of apoptosis by “masking” cell death receptors (Bourguignon et al., 1997). In angiogenesis, low molecular weight HA is proangiogenic by promoting endothelial cell proliferation and migration (Toole, 2004). High molecular weight HA prevents endothelial cell proliferation, migration, and even inhibits sprout formation, making it antiangiogenic (Toole, 2004). Low molecular weight HA in the ovarian ECM can increase some pro-inflammatory signaling, which are important in oncogenesis (Grivennikov and Karin, 2010; Rowley et al., 2020). Additionally, work by Chopra et al. has demonstrated that HA can interact with integrin signaling on soft gels (∼300 Pa) to alter mechanotransduction pathways and promote altered behaviors in cells including enhanced cell spreading and actin cytoskeletal remodeling associated that are typically only associated with stiffer substrates (>30 kPa) in a manner independent of YAP signaling (Chopra et al., 2012; Chopra et al., 2014). These studies suggest that the increased expression of HA in the ovarian TME may promote increased invasive behaviors through cooperative signaling with integrin pathways and further highlight how ovarian ECM components drive disease progression via mechanical and signaling cues.
Heparin sulfate (HS) is another type of glycosaminoglycan that undergoes sulfination before being secreted by the cells into the ECM. HS can be found on the surface of ovarian tumor cells and has been shown to exhibit both paradoxical protumor and antitumor effects (Liu et al., 2002; Yoneda et al., 2012). One determining factor of whether HS is protumorigenic or antitumorigenic is whether it is a soluble factor or bound to the cell surface. When on the cell surface, HS allows for the cell to adhere to the capillary lining during metastasis through the bloodstream (Sasisekharan et al., 2002). This adhesion is the first step of extravasation, where the tumor cells will be able to transverse out of the capillary and into the surrounding tissues to create a metastatic site. HS interacts with several growth factors including fibroblast growth factors 1 and 2 and vascular endothelial growth factor (VEGF) and HS expression on a cell surface will alter several signaling cascades related to these growth factors to cause cancer cell proliferation (Mulloy and Linhardt, 2001; Robinson and Stringer, 2001; Mundhenke et al., 2002; Ostrovsky et al., 2002; Sasisekharan et al., 2002). On the other hand, the anticoagulation effects of HS are what make it antitumorigenic. HS present in the TME can interrupt fibrin capsule formation, permitting increased infiltration of immune cells and better penetration of anti-cancer therapies; therefore, HS can be given to ovarian cancer patients as an anti-cancer therapy (Kakkar and Williamson, 1999; Ma et al., 2020). HS has also been shown to be associated with an increased response of macrophages to tumor cells and it can disrupt cellular adhesion by blocking selectin (Koopmann et al., 1999; Varki and Varki, 2002). Inclusion of perlecan, a HS proteoglycan as a component of Matrigel, can therefore alter how ovarian cancer cells behave in TME models.
3 MECHANICAL PROPERTIES OF THE OVARIAN TME
A challenge in designing next-generation in vitro ovarian TME systems is the incomplete understanding of the mechanical environment to be mimicked by such systems. Overall, there is a gap in our knowledge for precise mechanical parameters at different disease stages (Bregenzer et al., 2019). Recent studies have characterized various ovarian tissues as well as serous and mucinous cancerous tissues using atomic force microscopy (AFM) (Ansardamavandi et al., 2020). While all samples demonstrated heterogeneous stiffness distributions, the data indicate that mature ovarian tumors with dysregulated ECM organization had significantly higher stiffnesses (∼14 kPa) compared to serous tumors (∼5 ka); moreover, the studies by Ansardamavandi et al. suggest that cellular regions, regardless of tumor subtype, are significantly less stiff compared to ECM or stromal regions. Therefore, two types of stiffness values matter in ovarian tumor models: the matrix or substrate and the cellular contents. Increased matrix stiffness correlates with increases in proliferation and metastatic behaviors in SKOV-3 cells but is also associated with decreased response to paclitaxel and cisplatin, potentially through multidrug resistance regulated by ATP binding cassette subfamily B members 1 and 4 (ABCB1 and ABCB4) (McKenzie et al., 2018; Fan et al., 2021). These studies included polyacrylamide (PA) gels ranging from 0.5 to 25 kPa to mimic lymph tissues, healthy peritoneum, and tumors. On the other hand, lower stiffness values are associated with increased stem-like properties or metastatic potential of ovarian cancer cells and organoids in both human (HEY8) and mouse (MOSE) models (Xu et al., 2012; Babahosseini et al., 2014). The decreases in cell stiffness are permissive for cells to migrate and move through stiff ECMs where the effective mesh size is small (Wisdom et al., 2018). Additionally, recent studies have suggested that increases in shear stresses, such as those caused by the accumulation and buildup of ascites fluid during ovarian tumor progression, can alter markers related to epithelial to mesenchymal transformation (EMT) and cellular cytoskeletal regulation to effectively decrease cell stiffness and increase metastatic behaviors (He et al., 2014; Ip et al., 2016; Hyler et al., 2018; Conrad et al., 2022). The increased shear stress may also decrease sensitivity to standard chemotherapies such as paclitaxel and cisplatin (Ip et al., 2016). The phenomenon of shear-induced mechanical and phenotypic shifts coupled with the physical forces of the ascites fluid act to simply dislodge ovarian tumor cells as well, further enhancing metastatic potential (Avraham-Chakim et al., 2013). Together, these studies suggest a complicated series of interactions between mechanical cues from the environment and biomechanical changes to cells that drive ovarian tumor progression and chemoresponsive. For a more thorough discussion of changes in mechanical features of the TME during disease progression and specifically on the ovarian cancer microenvironment, the authors recommend the following review articles (Jain et al., 2014; Bregenzer et al., 2019).
3.1 Ovarian ECM mechanosignaling
Mechanotransduction converts external forces from the ECM or other environmental cues into a biochemical response inside cells (Pagliari and Forte, 2018). Signaling molecules that work with mechanical forces are said to be mechanotransducers and these interactions are said to be mechanosensitive. The role of biomechanical forces and thus mechanotransduction on the progression of ovarian cancers is poorly understood, due to the complex in vivo mechanical environment that is difficult to study. As the composition and organization of the ECM changes during tumor progression, increases in local tensile, compressive, and shear forces can be found in the ovarian TME. As deposition and alignment of fibrous proteins like collagen increase, the result is an increased stiffness of the local ECM which leads to altered proliferation and migration behaviors during cancer progression (Cho et al., 2015; Campbell and Campagnola, 2017). As mentioned earlier, fibronectin fibrils can create tension in the ovarian TME that can be sensed by the signaling molecules found on the cancer cell surfaces. Additionally, the increases in collagen, fibronectin, and fibrin increases some pro-cancer cell signaling mechanotransduction pathways including Src and MAPK. Furthermore, as ovarian cancer progresses, peritoneal fluid begins to accumulate in the abdomen, called ascites, and can dramatically increase the intraperitoneal pressures and generate large shear stresses in the ovarian TME (Shield et al., 2009; Hyler et al., 2018). Studies have shown that increasing shear flow can increase the expression of cancer stem cell markers, including CD44 and Oct-4, compared to a static in vitro system (Li et al., 2017). Inside ascites, aggregates of cancer cells called spheroids form and remain in suspension. Ultimately, these spheroids will give rise to metastatic growths, as the ascites fluidic movement causes them to be delivered throughout the abdominal cavity (Li et al., 2017). This is the first step in metastasis, as the spheroids will attach to the omentum via CD44 before beginning to invade and proliferate (Motohara et al., 2019). Additionally, spheroids are characterized by being chemoresistant, and shear stress may play a role in driving this behavior; studies have shown that SKOV-3 spheroids exposed to higher levels of shear demonstrate less apoptosis and cell death in response to cisplatin and paclitaxel, two commonly used first line chemotherapies against ovarian cancer (Li et al., 2017). The increase in chemoresistance could be due to multi-drug resistant (MDR) proteins being upregulated in cancer cells isolated from ascites (Novak et al., 2018). The changes in biomechanical features of the TME, driven by changes in the ECM composition and organization, as well as ascitic fluid build-up, must be taken into consideration for the development of next-generation models of ovarian cancer progression. Without such efforts, novel therapeutic efforts will fail to address the changes in cancer cell signaling directly impacted by these biomechanical properties.
The role of biomechanical forces in driving ovarian cancer progression is not fully understood. The mechanisms that transduce these forces into biochemical signaling and altered cell behaviors is driven by aberrant mechanotransduction occurring through integrins, focal adhesions, and even cell surface receptors that are mechanosensitive. The ability of ovarian cells to sense the stiffness of the surrounding environment is particularly important for follicle development in healthy tissues. As an individual ages, the ovarian ECM is continuously reorganized and becomes stiffer due to an increase in collagen and a decrease in HA (Pagliari and Forte, 2018; Amargant et al., 2020). Altered matrix composition and/or organization during ovarian tumor growth can elicit differential signaling through a variety of mechanotransduction pathways (Figure 2) that result in changes to ovarian cancer cell behaviors including migration, invasion, differentiation, drug resistance, and altered metabolism (Ahmed et al., 2005; Ricciardelli and Rodgers, 2006; Yousif, 2014; Sun et al., 2016; Zhao et al., 2019; Sewell-Loftin et al., 2020). For instance, increases in collagen in the ovarian TME are associated with increased signaling through discoidan domain receptor 2 (DDR2) to drive ovarian phenotypic shift that permits invasion through mesothelium (Grither et al., 2018). As invasion through the mesothelial layer is an important first step in metastatic processes, ovarian cancer spheroids have also been shown to require altered contractility driven through myosin to “break through” the mesothelial cells (Iwanicki et al., 2011). Increases in osteopontin in ascites fluid can signal through CD44, altering the MAPK and PI3K/Akt pathways to drive ovarian cancer metastasis (Qian et al., 2021). These represent only a few examples of how altered matrix composition may drive ovarian tumor growth through mechanotransduction pathways. The next sections in this review will discuss currently used in vivo and in vitro models of ovarian cancer and compare how TME composition and mechanical properties are investigated or controlled for in studies.
4 MOUSE MODELS OF OVARIAN CANCER PROGRESSION
The gold standard for preclinical models of cancer are murine models, with recent history seeing advances in transgenic technologies that permit exploration of tumor regulation at multiple levels to elucidate genetic and epigenetic regulators (Morin and Weeraratna, 2016; Fan et al., 2022). Mouse models have the distinct advantage of being able to observe a full physiological environment with the effects that the rest of the body, including stromal cells, blood vessels, and biomechanical forces, have on the TME and cancer progression (Maniati et al., 2020). The matrix composition and mechanical forces of a TME are naturally embedded into a mouse model. While some mouse models of ovarian cancer include immunocompetent animals, which can help uncover how immune cells are involved in cancer growth or response to therapies, other studies use immunocompromised or humanized models where the immune system may not be fully functional (Grabosch et al., 2019; Iyer et al., 2021). The advantages of immunocompromised or humanized models still include a full in vivo biomechanical environment with multiple stromal components, as well as the ability to study human tumor cells. However, the lack of fully functional immune system can confound the understanding of how tumor cells respond to therapeutic intervention (Hu et al., 2002; Magnotti and Marasco, 2018). This is seen in research, where it is common for false positives to be observed in cancer pharmaceutical studies (Vandamme, 2014). Additional drawbacks of mouse models include price and ethical concerns.
4.1 Comparing in vivo ovarian cancer models
While the bulk of this review is focused on the use of materials in in vitro models of ovarian tumor progression, many studies incorporate matrix components associated with human disease when studying ovarian growth in mouse models. We will briefly summarize the types of mouse models most frequently used (Table 1). The main categories for mouse model studies of ovarian cancer are related to cell source and location of primary tumor site. For cell sources, allograft models include ID8 cells or mouse ovarian surface epithelial (MOSE) cells. Xenograft models use immunocompromised mice injected with one of many of the cell lines previously mentioned in this review (SKOV-3, HEY1, OVCAR, etc.) or may be derived from clinical samples, in which case it is referred to as a patient-derived xenograft (Magnotti and Marasco, 2018; Tudrej et al., 2019). Classification of in vivo models is further broken down by site of injection, including subcutaneous, intraperitoneal, and orthotopic injection sites (Magnotti and Marasco, 2018; Tudrej et al., 2019; Atiya et al., 2021; Karakashev and Zhang, 2021). Subcutaneous injections can generate tumors that grow underneath the skin, usually on the dorsal side of the animal. Intraperitoneal models are injected into the peritoneal cavity, which is more anatomically relevant than the subcutaneous model due to proximity to the mice ovaries; this model can somewhat recapitulate the ascites fluid buildup, depending on injection volume, and has been shown to demonstrate changes in collagen organization in the TME as well as alterations in ovarian cancer adhesion behaviors (Hu et al., 2002; Asem et al., 2020). These studies have also provided clinical relevance in showing delivery of chemotherapies via intraperitoneal injection can alter cancer cell response and reduce ascites volume (Zhao et al., 2019). Orthotopic ovarian models are injected into the ovarian bursa, making it the most anatomically relevant of the PDX models; however, this model is the most technically difficult to perform due to the surgical nature of the implantation (Grabosch et al., 2019). The orthotopic model also spontaneously generates metastatic growth that mimics human disease (Khanna and Hunter, 2005; Grabosch et al., 2019; Atiya et al., 2021). The choice of cell type and location of primary tumor can be used to tailor the type of ovarian TME model generated, based on what type of phenotypic behaviors or outcomes one is trying to observe. Furthermore, these systems can be paired with biomaterial studies to provide a higher level of control over initial TME properties. For instance, Zheng et al., investigated the role of matrix components in a subcutaneous injection model using SKOV-3 in immunodeficient mice with results showing that including collagen I with injected cells, but not collagen IV or laminin, increases tumor growth (Zheng et al., 2015). The advancement of PDX models has further driven TME investigations for ovarian cancer progression.
TABLE 1 | Comparison of mouse models of ovarian cancer.
[image: Table 1]While the PDX model has the advantage of focusing on human tumor cells, the major drawback of these models is the lack of human ovarian stromal microenvironment, including differences in both ECM composition and biomechanical features. Also, human ovaries lack the bursa found surrounding mice ovaries making orthotopic models less anatomically relevant due to variability in the ability for cells to migrate and metastasis (Karakashev and Zhang, 2021). Additionally, all PDX models require fresh patient samples, and the tumor implantation is invasive and difficult to perform, with some patient samples failing to engraft after implantation (Atiya et al., 2021; Karakashev and Zhang, 2021). The lack of human stromal components could lead to differences in key signaling pathways that regulate tumor growth and limit the ability to predict clinical responses to new therapies currently in development (Atiya et al., 2021). One proposed solution to this is an advanced orthotopic mouse model where patient derived tumor cells as well as carcinoma-associated mesenchymal stem cells (CA-MSCs) are injected into the mouse; the addition of the CA-MSCs supports the formation of a more humanized stromal microenvironment within a relatively short timeframe (Atiya et al., 2021). Even with the CA-MSCs, the pro-cancer and anti-cancer effects of an immune system are missing.
A significant drawback of PDX models is that a majority of such models develop stromas with predominantly murine components, creating a discrepancy between cancerous and stromal features. The same study shows that PDX models conserve cellular proliferation markers between the host stroma and PDX stroma (Weroha et al., 2014). Another study comparing gene expression of ovarian tumors and matched xenografts showed that genes that differed between the two were associated with the immune system and the ECM (Liu et al., 2019). Specifically, genes associated with cell adhesion tended not to correlate between the host and the PDX model (Liu et al., 2019). This may be explained by significant differences in the TME composition of PDX models compared to human tumors (Liu et al., 2019). Recent studies have highlighted that while some correlation between transcriptomes of ovarian cancer patients and PDX models is present, there are changes to DNA mutations and stromal components as the tumor cells are passaged through the animal models (Ben-David et al., 2017; Maniati et al., 2020). Differences in the TME composition or organization between PDX models and the human microenvironment, which may lead to changes in adhesive molecular signaling, could alter overall tumor progression and prevent development of clinically relevant therapeutic strategies.
5 IN VITRO OVARIAN TME MODELS
5.1 2D and 2.5D models of ovarian cancer
To improve control over the stromal compartments and the TME that regulate ovarian cancer growth, a wide variety of in vitro and ex vivo models have been developed with varying levels of complexity and control (Table 2). We will briefly discuss advantages and disadvantages of such models, while highlighting how specific studies and materials have elucidated some ovarian cancer behaviors. While traditional cell culture techniques and 2D monolayer studies in systems like the commercially-available FlexCell have clarified fundamental signaling in ovarian cancer, the advent of 2.5D systems has allowed for more functional studies. The most widely known system is the transwell assay, where changes in migration or invasive potential of cells can be measured as a function of matrix properties coated onto the insert. Additionally, these studies can be used to investigate how secreted factors, including extracellular vesicles, or conditioned media alters tumor cell behaviors (Chen et al., 2017; Wang et al., 2019; Zhang et al., 2019; Zhang et al., 2021). To more specifically study how matrix components alter ovarian cancer migration, the development of fiber-based gradient patterns of ECM molecules have been developed (He et al., 2015; Ajeti et al., 2017). In these studies, laminin fibers with concentration gradients were printed to act as a scaffold to investigate a variety of human ovarian cancer cell lines including SKOV-3, HEY1, and OVCA433. Results indicated that cytoskeletal organization was increased with increases in laminin content and that this generated not only higher levels of cell migration but also controlled migration directionality. To mimic the ascitic fluid environment, Bascetin et al. developed a macromolecular model where inert materials, including Ficoll or Dextran, were incubated in the media above SKOV-3 or IGROV1 cells; the inclusion of these large molecules mimicked a “crowded” ascites fluid environment and limited both adhesion and migration while decreasing ECM synthesis and deposition (Bascetin et al., 2021). Such studies demonstrate that the specific ovarian TME architecture and surrounding microenvironment are crucial regulators of disease progression.
TABLE 2 | Comparison of Ex Vivo and In Vitro models of ovarian cancer.
[image: Table 2]5.2 3D models of the ovarian TME
To model the effects of mechanical strain on an in vitro ovarian TME model, various designs have been implemented. A Flexcell Compression Plus setup has been utilized to evaluate the effects of compression due to the buildup of ascites. In this model, hydrogels were used as the matrix and static compression ranging from 3.28 to 3.52 kPa was tested (Klymenko et al., 2018). This system was able to show changes in genes associated epithelial mesenchymal transition, including N-cadherin and E-cadherin (Klymenko et al., 2018). Another custom build system utilized a poly (dimethylsiloxane) (PDMS) bioreactor and a pressure chamber to deflect a hydrogel matrix. This system was able to have static and 0.05 Hz cyclic compression (Novak et al., 2020). Ovarian cancer cell proliferation increased with both the static compression and the cyclic compression, compared to the no strain controls (Novak et al., 2020). Cell death in response to multiple chemotherapy treatments also decreased with strain treatment, showing that the compression made the ovarian cancer cells more chemoresistant (Novak et al., 2020).
5.3 Microfluidic devise to model the ovarian TME
In the last decade, microfluidic devices have been explored as potential models of the ovarian TME due to their advanced capabilities for modeling different components of the microenvironment including features related to both matrix composition, cell populations, and shear flow from ascites build-up (Figure 3). An additional advantage of such MPS models is the optical transparency of materials used during construction to enable real-time imaging of changes in cell behaviors One such model system is made of PDMS on a sodium glass plate, creating a 2D model to study drug resistance in the presence of shear flow on monolayers of cells (Figure 3A). The design consists of two lines with three oval-shaped microtissue chambers in series on each line. Each line can be loaded independently with a different cell line so that two lines can be directly compared in an experiment with built-in triplicate samples (Flont et al., 2020). The specific shape and dimensions of the ovals are designed to mimic the maximum distance of cells to capillaries (∼200 μm) while providing sufficient flow to feed cells at any location in the chamber. Systems are fed via peristaltic pumps with flow rates of 10 μL/min. This design was utilized to evaluate the effects of combination therapy on malignant and non-malignant cells, A2780 and human ovarian fibroblasts, respectively. The first therapy consisted of a photosensitizer which is non-toxic to non-malignant cells, while the second therapy was the traditional chemotherapy doxorubicin. The results showed that the combination therapy was most effective at killing the cancer cells but not the non-malignant cells when a higher concentration of the photosensitizer was introduced to the cells (Flont et al., 2020).
[image: Figure 3]FIGURE 3 | In vitro model systems of the ovarian TME (A) Microfluidic model consisting of three oval chambers in series, with two parallel flow lines. These systems were designed to test chemoresponsive of malignant and non-malignant cell lines, allowing for direct comparisons of treatments. Adapted from Flont et al., 2020, reprinted with permission (B) Microfluidic model to test chemoresponsive and stemness of ovarian tumor spheroids under shear flow. The system includes a poly-HEMA coated substrate to prevent spheroid adhesion, which better mimics circulating tumor clusters in ascites fluid. Adapted from Ip et al., 2016, reprinted under Creative Commons CC BY license (C) A 3D microfluidic system to mimic the omentum and peritoneal cavity by incorporating mesothelial cells seeded onto a self-assembled vascular network supported by additional stromal components. The system contains multiple fluidic lines for media and cell seeding surrounding the primary chamber where vessels are loaded. Scale bar for device = 3 mm; scale bar for vessel inset = 30 μm. Vessels are marked by GFP-tagged endothelial cells counterstained with DAPI. Adapted from Ibrahim et al., 2022; reprinted with permission (D) (a) Multi-microtissue model with independent tissue chambers (blue) and fluidic lines (pink). Scale bar in (a) = 2 mm. (b) Inset from (a) with clearer view of communication ports between microtissue regions. Scale bar = 200 μm. (C) PDMS device shown, not bonded to glass slide or substrate, with quarter for scale. Ports are punched using blunt-tipped needles to load pipette tips for gel/cell loading or media lines. Adapted from Sewell-Loftin, et al., 2020, reprinted under Created Commons CC BY license.
Expanding on the idea of shear flow effects in the TME, some models are focused specifically on recapitulating the ascites of the human ovarian TME (Tsang et al., 2022). This is achieved by mimicking the shear forces found in the ovarian TME and utilizing 3D tumor spheroids, where a glass slide coated with poly 2-hydroxyethylmethacrylate (poly-HEMA) is bonded to PDMS to create a fluidic channel (Figure 3B) (Ip et al., 2016; Li et al., 2017). Tumor spheroids better model the presentation of tumor cell clusters in the ascites fluid and may have better predictive value for understanding chemotherapy-induced apoptosis, making them more appropriate for a chemoresistance study (Shen et al., 2012; Ip et al., 2016). The poly-HEMA coating prevents cell attachment, thus providing a model of circulating tumor spheroids as they would occur in the ascites fluid. By controlling the flow rates, the cancer spheroids in the devices experience similar shear forces as found in the ascites. Spheroids composed of SKOV-3 cells had increased chemoresistance under 0.02 dyne/cm2 shear to both cisplatin and paclitaxel compared to non-flow controls. (Ip et al., 2016).
A distinct advantage of MPS include the ability to create a TME with multiple stromal cell types as well as a vascular network. For instance, the first ovarian TME microfluidic model that not only incorporates the human mesothelium and adipocyte stroma but also a functional vasculature network was recently developed (Ibrahim et al., 2022). The model is fabricated with PDMS poured over an acrylic mold and it is composed of four channels (Figure 3C). The first channel is for loading the fibrin gel and cellular components, while the other three channels are fluid channels for feeding. First endothelial cells and stroma can be loaded to form a blood vessel network which starts to assemble within 2 days. Then mesothelial cells are added through the top media channel to create a monolayer on top of the vasculature; cancer cells can then be added to the system seeded through the media line to represent migration or metastatic events. The advantage the mesothelial layer is that it represents a physiologically relevant structure in human ovarian cancer metastasis; before an ovarian cancer cell can metastasize, the cell must first invade through a mesothelial layer in the omentum (Motohara et al., 2019). While this model utilized fibrin as the matrix component, other matrix components were secreted by the cancer cells, including collagen VI and fibronectin. While only proof of concept studies have been completed, this model could be used for studying ovarian cancer invasion and metastasis (Ibrahim et al., 2022).
Other MPS have been developed that leverage multiple chambers and fluidic lines to provide independent control over interstitial fluid flows as well as control over the ECM composition of adjacent microtissues (Figure 3D) (Sewell-Loftin et al., 2020; Buckley et al., 2023). This model is composed PDMS bonded to glass slides with three separate microtissue chambers that can be loaded with cells and matrix independently of each other. There is a media feeding line of the top and bottom of each chamber, allowing for fine-tuned control over the direction and magnitude of fluid flow. Chambers are connected via four 20 μm ports that allow for mechanical and chemical crosstalk between the adjacent chambers, as well as permitting cell migration between chambers. The control over interstitial flow between the chambers also imparts control over convective diffusion of secreted factors between microtissue regions, thus allowing for limiting diffusion of paracrine factors from different adjacent regions. This system was used to test how tensile strain decreases sensitivity of SKOV-3 and OVCAR8 cells to paclitaxel treatment; briefly, ovarian cancer cells pre-treated with 72 h of tensile strain via a Flexcell system demonstrated decreased response to paclitaxel treatment in the 3D microtissue model. The advantage of such designs is that spatiotemporal control can be leveraged to create normal and cancerous tissue mimics with stromal components including fibroblasts, MSCs, and/or vasculature to study tumor growth, migration, and response to therapeutics. Overall, MPS offer a unique opportunity to investigate ovarian cancer progression in highly complex, biomimetic in vitro systems with much higher levels of control compared to traditional mouse models.
5.4 Comparing in vivo to ex vivo or in vitro models
The ultimate goal of studies described in this review is to elucidate the mechanisms that drive ovarian cancer disease progression and therapeutic response to develop the next-generation of anti-cancer treatments and improve patient outcomes. The in vivo and in vitro models provide their own advantages and disadvantages, which must be leveraged appropriately to ensure we uncover important regulators of ovarian tumor progression. A critical consideration then, is how to best model the complicated physiological TME in terms of biomechanical features including matrix composition and organization. Important elements for a model of an ovarian tumor microenvironment to consider are not only cellular components but also mechanical forces including tension, compression, and shear forces, and fibrous matrix components. The combination of studies using both advanced in vitro systems and validation in relevant preclinical mouse models may drive the next innovations in ovarian cancer therapeutic development.
6 DISCUSSION
In conclusion, both matrix components and biomechanical forces in the ovarian TME play a vital role in cancer progression but the precise mechanisms are poorly understood due to limitations in our current models. To further understand the disease, appropriate TME models must be developed and utilized. An ovarian TME model should account for the fibrous proteins, adhesive glycoproteins, glycosaminoglycans, and the mechanical forces that are found in the natural ovarian TME. Fibrous proteins, including collagen, are important because its presence is increased in the extracellular matrix of the disease state. This increases the TME stiffness and collagen signaling, and its downstream effects. Adhesive glycoproteins like fibrin and fibrinogen play a vital role in interacting with ovarian cancer cells and can increase cancer cell adhesion and proliferation as well as aid in metastasis. Glycosaminoglycans play an interesting role in the ovarian TME because they can be both pro-tumor and anti-tumor depending on their molecular weight and presentation. High molecular weight hyaluronic acid can play a protumor role as a ligand for its receptor, CD44. The CD44 receptor is known to be associated with cancer cell proliferation, metastasis, and chemoresistance. Cell surface bound heparan sulfate can be pro-angiogenic and lead to cellular proliferation while soluble heparan sulfate can disrupt the fibrin capsule and increase the antitumor immune response. Because of these interactions, these ECM components play an important role in ovarian cancer progression and an accurate model should account for their effects. Accurately capturing this complex interplay between matrix components that regulate ovarian cancer cell behaviors is a daunting challenge for the generation of appropriate models. Current 3D models being utilized to study ovarian TME and cancer progression include PDX mouse models and MPS. PDX mouse models have the advantages of having a natural microenvironment already incorporated. Unfortunately, a mouse ovarian TME does not fully equate to that of a human and interactions between the TME and the cancer cells can be lost. While MPS-based studies have uncovered significant findings for ovarian tumor growth due to their high levels of customization and control, there are still limitations including difficulties with device design and fabrication and working with small volumes. Overall, materials and model choices should be considered and the options that best represent the human native ovarian TME should be chosen. The next-generation of in vitro or ex vivo models of the ovarian TME should combine the high levels of physiological complexity of murine models with the adaptability of MPS to uncover specific mechanisms that drive tumor growth, metastasis, and response to chemotherapies. A model that utilizes human tumor cells and stromal components, including immune cells, embedded in a matrix that mimics the native ovarian ECM would elucidate the biochemical and biomechanical crosstalk that regulates tumor progression and ultimately assist in the development of novel, innovative therapies to improve patient outcomes.
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