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Abstract: Ovarian cancer is one of the most deadly gynecological cancers, with over
300 thousand new cases per year, most of which are diagnosed in advanced stages. The
limited availability of effective biomarkers and lack of characteristic symptoms make
early diagnosis difficult, resulting in a five-year survival rate of 30–40%. Mutations in the
BRCA1 and BRCA2 genes and abnormalities of signaling pathways such as PI3K/AKT
and TP53 play a key role in the progression of ovarian cancer. The immune system,
which can act against tumors, often supports tumor development in the ovarian cancer
microenvironment through immunoevasion, which is influenced by cytokines such as
IL-6, IL-10, and TGF-β. Epithelial-to-mesenchymal transition (EMT) allows cancer cells to
acquire mesenchymal characteristics, increasing their invasiveness and metastatic capacity.
Immunological factors, including pro-inflammatory cytokines and signals from the tumor
microenvironment regulate the EMT process. This review aims to present the role of EMT
in ovarian cancer progression, its interactions with the immune system, and potential
biomarkers and therapeutic targets. Modulation of the immune response and inhibition of
EMT may constitute the basis for personalized therapies, which opens new possibilities for
improving the prognosis and efficacy of treatment in patients with ovarian cancer.

Keywords: EMT; cancer; oncology; immune system; prognostic factors; oncogenesis

1. Introduction
Ovarian cancer is a significant health challenge worldwide, being the eighth most

commonly diagnosed malignancy in women and the leading cause of gynecological cancer
deaths in developed countries [1–3]. Global epidemiological data indicate that more than
300,000 new cases of ovarian cancer are diagnosed each year, of which approximately
70% are detected in the advanced stage (III/IV according to the International Federation
of Gynecology and Obstetrics—FIGO classification) [4,5]. This late diagnosis is mainly
due to the lack of specific symptoms in the early stages of the disease and the limited
availability of sensitive and specific diagnostic biomarkers. The five-year survival rate of
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patients with ovarian cancer is only 30–40%, making it one of the most deadly gynecolog-
ical cancers [6,7]. In terms of histopathological classification, ovarian cancer is divided
into several subtypes, of which the most common, high-grade serous carcinoma (HGSC),
accounts for approximately 70% of cases. Other subtypes, such as endometrioid, muci-
nous, or clear-cell carcinoma, differ in molecular, etiological, and clinical terms. Modern
molecular classification additionally emphasizes the role of mutations in the BRCA1 (breast
cancer gene 1) and BRCA2 (breast cancer gene 2) genes and disturbances in signaling
pathways such as PI3K/AKT (phosphoinositide 3-kinases/protein kinase B), RAS/MAPK
(rat sarcoma/mitogen-activated protein kinase) or TP53 (tumor protein P53), which are key
to the progression of this cancer (Figure 1) [8–11].
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The importance of the immune system in the pathogenesis of ovarian cancer is be-
coming increasingly evident. The immune system plays an ambiguous role: it can either
eliminate cancer cells or support their survival and progression. In the ovarian cancer mi-
croenvironment, cytotoxic T lymphocytes (CTLs) are associated with a favorable prognosis.
In contrast, the accumulation of immunosuppressive cells, such as regulatory T lympho-
cytes (Tregs), tumor-associated macrophages (TAMs), or myeloid-derived suppressor cells
(MDSCs), promotes tumor immunoevasion. Additionally, cytokines such as IL-6, IL-10,
and TGF-β (transforming growth factor-β) modulate the activity of the immune system in
a way that promotes tumor growth [12–16].

One of the key molecular mechanisms underlying ovarian cancer progression is
epithelial–mesenchymal transition (EMT). This process allows cancer cells to lose epithelial
characteristics, such as cell polarization and tight junctions, and to acquire mesenchymal
properties, including the ability to migrate and invade. EMT is strongly regulated by
immunological factors, including pro-inflammatory cytokines (e.g., TNF-α, IL-6) and



Int. J. Mol. Sci. 2025, 26, 4041 3 of 30

signals from the tumor microenvironment, such as TGF-β and chemokines. Communication
between cancer cells and the immune system can initiate EMT and support its maintenance,
leading to increased tumor invasive and metastatic capacity [17,18].

Therefore, this literature review aimed to present information regarding the under-
standing of the role of the immune system in regulating EMT and its interaction with
the tumor microenvironment, which is crucial for identifying new prognostic biomarkers
and therapeutic targets. This knowledge opens new possibilities in the personalization
of ovarian cancer therapy, including strategies based on the modulation of the immune
response and inhibition of EMT.

2. Ovarian Cancer Microenvironment: Complexity of Structure
and Function

The immune system plays a multifaceted and complex role in the pathogenesis of
ovarian cancer, combining protective functions with mechanisms supporting the devel-
opment of the tumor. On the one hand, it acts as a key agent in immunosurveillance,
identifying and eliminating cancer cells. This phenomenon is based on the recognition
of tumor antigens by T lymphocytes and the activation of the effector response, in which
cytotoxic mechanisms of the immune system destroy cancer cells. On the other hand, as the
disease progresses, cancer cells gain the ability to modulate the immune response, creating
an environment conducive to tumor survival and progression. This phenomenon includes
changes in the tumor microenvironment and the activation of specific mechanisms that
evade the immune response, known as immunoevasion. The balance between immune
surveillance and immunoevasion affects the dynamics of ovarian cancer development and
the effectiveness of therapy, including immunotherapy [19–22].

Ovarian cancer is characterized by high immunogenicity, which means the ability to
induce an immune response. Cancer cells expose cancer antigens on their surface, such as
CA125 (MUC16) (cancer antigen 125), HE4 (human epididymis protein 4), WT1 (Wilms’
tumor 1), NY-ESO-1 (New York esophageal squamous cell carcinoma 1), or mesothelin,
which T lymphocytes can recognize. These antigens are presented to T lymphocytes by
MHC class I molecules (major histocompatibility complex), which initiates the activation
of an anticancer response. Despite this, ovarian cancer cells have developed mechanisms
that allow them to avoid immune elimination. One of the most important mechanisms
is subversion and coercion, which consists in suppressing the immune response using
the expression of inhibitory ligands, such as PD-L1 (programmed cell death ligand 1),
which binds to the PD-1 (programmed cell death protein 1) receptor on T lymphocytes,
leading to their silencing. Similarly, interactions with CTLA-4 (cytotoxic T lymphocyte-
associated antigen 4) receptors on T lymphocytes result in a decrease in their effector
activity. Additionally, cancer cells secrete immunosuppressive cytokines, such as IL-10 and
TGF-β, which inhibit the effector functions of T lymphocytes and support the development
of a population of regulatory lymphocytes (Tregs), which play a key role in suppressing
the antitumor response [23–29].

Another process that plays a key role in ovarian cancer progression is immunoedit-
ing. This process consists of three stages: elimination, equilibrium, and escape. In the
elimination phase, the immune system effectively recognizes and destroys cancer cells.
The equilibrium phase is characterized by maintaining a dynamic balance between the
immune system and the survival of a part of the cancer cells that can adapt to immune
pressure. In the final escape phase, cancer cells acquire the ability to effectively evade
immune surveillance by reducing the expression of MHC class I molecules, which limits
their recognition by T lymphocytes, or by actively inducing an immunosuppressive tumor
microenvironment [30–32].
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Immunoediting in ovarian cancer is facilitated by interactions between the tumor and
its microenvironment. The tumor microenvironment (TME) contains numerous tumor-
promoting elements, including TAMs, Tregs, MDSCs, and low oxygen concentration (hy-
poxia), enhancing angiogenesis and promoting immune tolerance. These complex mech-
anisms create a highly immunosuppressive environment that favors tumor cell survival,
migration, and metastasis, ultimately hampering an effective antitumor response. In ovar-
ian cancer, the TME is a highly complex and dynamic structure consisting of various cell
types, a network of blood and lymphatic vessels, the extracellular matrix (ECM), and sev-
eral biochemical mediators. Consequently, it plays a fundamental role in the pathogenesis
of ovarian cancer, determining tumor growth, progression, metastasis, and response to
treatment. The microenvironment’s structure, function, and molecular interactions are
crucial to understanding the mechanisms underlying immunosuppression, which enables
tumors to evade immune elimination while promoting their aggressiveness [33–35].

The ovarian cancer microenvironment comprises three significant components: stro-
mal cells, immune cells, and extracellular matrix components. Stromal cells include cancer-
associated fibroblasts (CAFs), pericytes, and endothelial cells, which cooperate to remodel
the ECM, stimulate angiogenesis, and support tumor cell migration. Immune cells, such
as tumor-associated macrophages (TAMs), myeloid suppressor cells (MDSCs), T cells, B
cells, NK cells, mast cells, and dendritic cells, play a key role in modulating the immune
response, often acting to the benefit of the tumor by suppressing the antitumor response
(Figure 2). The extracellular matrix, composed of collagen, fibronectin, proteoglycans, and
remodeling enzymes such as matrix metalloproteinases (MMPs), provides a physical and
biochemical structure that supports cancer cell survival and invasion.
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Tumor-associated fibroblasts (CAFs) are key stromal elements in the ovarian cancer
microenvironment. Their primary role is to remodel the ECM, which promotes tumor
cell migration, and to support angiogenesis by secreting growth factors such as TGF-β,



Int. J. Mol. Sci. 2025, 26, 4041 5 of 30

VEGF, and HGF. CAFs also promote the epithelial–mesenchymal transition (EMT) process,
which allows tumor cells to acquire a more invasive and therapy-resistant phenotype.
In the context of immunosuppression, CAFs secrete cytokines such as TGF-β and IL-6,
which suppress cytotoxic T cell activity while supporting the development of regulatory
T cell (Treg) populations, which are crucial for suppressing antitumor response. In addi-
tion, CAFs recruit M2 phenotype macrophages and myeloid suppressor cells (MDSCs),
thereby enhancing the immunosuppressive environment that favors tumor survival and
progression [36–39].

The extracellular matrix (ECM) plays a key role in the ovarian cancer tumor microenvi-
ronment, being a dynamic and multifunctional component that supports both mechanical
and biochemical interactions between tumor cells and the stroma. ECM components, such
as collagen, fibronectin, elastin, laminin, and proteoglycans, provide structural support for
tumor cell proliferation and migration while regulating intercellular signaling. The ECM
provides a physical platform that allows tumor cells to adapt to changing microenviron-
mental conditions, including hypoxic and immunological stress [39–41].

In healthy tissues, the ECM is a precisely organized network composed of structural
proteins such as collagen and elastin, proteoglycans such as perlecan and aggrecan, gly-
cosaminoglycans such as hyaluronic acid and heparin, and adhesive glycoproteins such as
fibronectin and laminin. In ovarian cancer, there are significant changes in the composition
and organization of the ECM that support the aggressive nature of the disease. One of
the key processes is the excessive accumulation of collagen, especially type I, III, and IV,
and fibronectin, which leads to increased tumor stiffness. This phenomenon promotes
the migration and invasion of cancer cells. At the same time, reduced matrix elasticity
is the result of dysregulation of the balance between ECM-degrading enzymes such as
metalloproteinases (MMPs) and their natural inhibitors (TIMPs) [40–42] (Figure 3).
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The ECM plays a key role in regulating tumor growth through interactions with
integrin receptors on the surface of tumor cells. For example, integrins α5β1 and αvβ3
stimulate tumor cell proliferation by activating the PI3K/AKT and MAPK signaling path-
ways. These pathways promote cell survival and division, making the ECM a key element
of the tumor microenvironment. Changes in the ECM also promote tumor cell migra-
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tion and invasion. Enzymatic activity of MMP-2 and MMP-9 enables degradation of the
basement membrane, mainly collagen IV, which facilitates the penetration of tumor cells
into the surrounding tissues. Additionally, the ECM creates so-called “collagen pathways”
that promote tumor cell migration. In metastasis, the key role is played by the increased
expression of hyaluronic acid and its receptors, such as CD44, which promote the adhesion
of cancer cells to the peritoneum and other organ surfaces. The ECM also participates in of
premetastatic niches, i.e., microenvironments conducive to the settlement of metastases.
Interactions between the ECM and cancer cells also affect the efficacy of therapy. Dense
and stiff ECM constitutes a mechanical barrier to the penetration of anticancer drugs. In
addition, pro-survival signaling induced by the ECM, mainly through integrins, can lead to
resistance to chemotherapy by activating pathways such as PI3K/AKT. Moreover, excessive
ECM production limits angiogenesis within the tumor, creating a hypoxic environment
that selects cells more resistant to treatment [40–45].

The ovarian cancer tumor microenvironment is characterized by the presence of many
biochemical factors that play a key role in the development, progression, and ability of
the tumor to evade the immune response. These factors, including cytokines, chemokines,
remodeling enzymes, growth factors, and hypoxia-inducible molecules, form a complex
signaling network that regulates the interactions between tumor, stromal, and immune
cells (Figure 4). Their actions are directed at supporting the proliferation, migration,
and adaptation of tumor cells to the changing conditions of the microenvironment while
suppressing an effective antitumor immune response [46–48].
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Immunosuppressive cytokines such as TGF-β, IL-10, and IL-6, secreted by cancer cells,
CAFs, and TAMs, modulate the immune system, leading to its suppression and promotion
of tumor development. TGF-β acts in multiple ways, promoting the differentiation of T
lymphocytes into regulatory populations (Tregs), which suppress the activity of effector cy-
totoxic T lymphocytes and NK cells, and promoting EMT, which increases the invasiveness
and metastasis of cancer cells. TGF-β also inhibits the function of dendritic cells (DCs), lim-



Int. J. Mol. Sci. 2025, 26, 4041 7 of 30

iting their ability to present antigens and attenuating the adaptive response. IL-10, secreted
mainly by TAMs, supports immunosuppression by inhibiting the proliferation and activity
of cytotoxic T lymphocytes while promoting the development of the M2 macrophage phe-
notype, which is associated with angiogenesis, EMT, and tumor growth. IL-6, activating the
JAK/STAT3 pathway, stimulates inflammatory processes in the tumor microenvironment,
which paradoxically support tumor development, promote angiogenesis, and support the
adaptation of tumor cells to therapy, including chemotherapy [49–53].

One of the most studied chemokine pathways in ovarian cancer is the CXCL12/CXCR4
axis. CXCL12, also known as SDF-1 (stromal-derived factor 1), is a potent chemoattractant
whose receptor CXCR4 is overexpressed on the surface of ovarian cancer cells. Interac-
tion between CXCL12 and CXCR4 leads to the activation of signaling pathways such as
PI3K/AKT and MAPK, which promote cancer cell proliferation, survival, and migration.
In addition, CXCL12 attracts cancer cells to tissues rich in this ligand, which facilitates
metastasis. Studies have shown that CXCL12 also promotes angiogenesis by stimulating
the formation of new blood vessels that supply the tumor with oxygen and nutrients.
Another important pathway is the CXCL8/CXCR1/CXCR2 axis. CXCL8 (interleukin 8) is a
chemokine with potent proangiogenic and pro-inflammatory properties. CXCL8 promotes
blood vessel formation in ovarian cancer by activating CXCR1 and CXCR2 receptors on
endothelial cells. This chemokine also acts as a factor stimulating cancer cell migration and
invasion. Its presence in the tumor microenvironment correlates with an aggressive tumor
phenotype, increased invasiveness, and poorer prognosis for patients. Furthermore, CXCL8
can regulate the activity of MMPs, such as MMP-2 and MMP-9, which degrade the extracel-
lular matrix, allowing cancer cells to invade neighboring tissues. Chemokines also play
an essential role in modulating the tumor microenvironment by influencing the immune
system. CXCL12 attracts MDSCs and regulatory T cells (Tregs), which inhibit the activity
of effector T cells, attenuating the antitumor response. Creating an immunosuppressive
microenvironment promotes tumor growth and its resistance to immunotherapy. Another
example is the effect of CXCL8 on the recruitment of neutrophils and M2 macrophages,
which support tumor progression by secreting growth factors and proteases [54–57].

Hypoxia, which results from limited blood supply in a rapidly proliferating tumor,
plays a key role in creating an immunosuppressive microenvironment. Oxygen deficiency
in the tumor microenvironment leads to the activation of adaptive mechanisms that increase
tumor aggressiveness, support its invasiveness and metastasis, and affect resistance to
treatment. Oxygen deficiency activates HIF-1α (hypoxia-inducible factor 1-alpha), which
induces VEGF expression, supporting angiogenesis, and activates EMT-related genes such
as SNAIL and TWIST, which increase tumor cell invasiveness. HIF-1α also stimulates
the expression of immunosuppressive molecules such as PD-L1, which bind to the PD-
1 receptor on T lymphocytes, suppressing their function and effectively inhibiting the
antitumor response. Moreover, hypoxia promotes the recruitment of MDSCs and Treg
lymphocytes, which enhance the suppression of effector functions of immune cells. The
central element of the cancer cell response to hypoxia is HIF-1α, which increases the
expression of genes responsible for angiogenesis, cell survival, and metabolic adaptation.
One of the most important effects of HIF-1α activation is the increased production of
proangiogenic factors such as VEGF, which stimulates the formation of new blood vessels
supplying the tumor with oxygen and nutrients but at the same time contributes to the
irregularity and dysfunction of the vessels in the tumor. Hypoxia significantly promotes
the resistance of ovarian cancer cells to treatment, as it changes the metabolism of cancer
cells, increasing their dependence on glycolysis and leading to acidification of the tumor
microenvironment. This metabolic change reduces the efficacy of chemotherapy and limits
the availability of drugs in the tumor. Hypoxia also induces the expression of antiapoptotic
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proteins, which protect cells from therapy-induced death. In the context of immunotherapy,
hypoxia also weakens the activity of immune cells such as T lymphocytes and NK cells,
weakening the antitumor response. Moreover, it stimulates macrophage recruitment
and polarization toward the M2 phenotype, which supports tumor growth, suppresses
the immune response, and promotes angiogenesis. Hypoxia also induces EMT, which
increases the invasiveness of tumor cells and their ability to metastasize. Under hypoxic
conditions, the expression of MMPs is also increased, which degrades the extracellular
matrix, facilitating tumor cell invasion into neighboring tissues [58–61].

3. EMT in Ovarian Cancer
EMT is a dynamic biological process in which epithelial cells lose their characteristic

features, such as intercellular adhesion and polarity, to acquire mesenchymal features, such
as the ability to migrate, invasiveness, elasticity, and increased resistance to apoptosis.
EMT plays a key role in the development and progression of ovarian cancer, supporting
its aggressiveness, metastatic capacity, and resistance to therapies. In ovarian cancer, EMT
might allow cancer cells to detach from the primary tumor, migrate in the peritoneal
cavity, and implant on the peritoneal membrane and internal organs such as the liver or
intestines [17,18,62,63].

Significant changes in the phenotype of cancer cells characterize EMT. During EMT,
there is a loss of epithelial features, including a decrease in the expression of markers such
as E-cadherin, a key glycoprotein responsible for intercellular adhesion and maintenance
of epithelial structure. This is accompanied by a decrease in the level of other epithelial
markers, such as occludin and claudin, responsible for tight junctions’ integrity. At the same
time, cancer cells gain mesenchymal features, such as the increased expression of markers
such as N-cadherin, vimentin, and fibronectin, which support motility and invasiveness.
This process also includes the reorganization of the actin cytoskeleton, which allows cell
migration and adaptation to the new environment [17,18,62,63].

The function of EMT in oncology is multifaceted. First, EMT enables cancer cells
to break away from the primary tumor and migrate in the peritoneal fluid, leading to
colonization of the peritoneal membrane and abdominal organs. Cells undergoing EMT
gain a greater capacity for invasion due to increased activity of MMPs, which degrade the
extracellular matrix, allowing them to penetrate neighboring tissues. EMT also supports
metastasis, allowing cells to reach and settle in distant locations. Additionally, EMT leads to
more excellent drug resistance, due to the acquisition of antiapoptotic features and changes
in metabolism that increase their survival in difficult microenvironmental conditions. In
ovarian cancer, EMT is a key mechanism driving disease progression and represents an
important target for new therapeutic strategies [17,18,62,63].

3.1. Types of EMT

Basing on biological function and the molecular mechanisms involved, EMT can be
divided into three main types: EMT type 1, EMT type 2, and EMT type 3, which differ in
their biological context, mechanisms, and functions (Table 1).

Oncogenesis in ovarian cancer, especially in the context of HGSC, is closely related
to the EMT, which plays a key role in the initiation, progression, and poorer prognosis
of patients. One of the characteristic features of the ovarian epithelium is the lack of
E-cadherin expression in normal cells, with the simultaneous presence of mesenchymal
markers such as vimentin or N-cadherin. This reflects the mesodermal origin of the ovarian
surface epithelium, which differs from the respiratory or digestive system epithelium. On
the contrary, healthy fallopian tube epithelium and benign and malignant epithelial ovarian
tumors show higher expression of E-cadherin [62].
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Table 1. Comparative summary of EMT types 1, 2, and 3 [64].

Feature EMT Type 1 EMT Type 2 EMT Type 3

Primary Context Embryogenesis and
organ development

Tissue regeneration and
wound healing

Tumor progression and
metastasis

Physiological or
Pathological Role

Physiological;
tightly regulated

Both physiological and
pathological, depending

on context

Pathological; associated
with malignancy

Triggering Factors Developmental signals
(e.g., Wnt, FGF, Notch)

Inflammatory cytokines,
growth factors (e.g., TGF-β,

IL-6), tissue injury

Oncogenic signals, hypoxia,
TGF-β, tumor

microenvironment components

Cellular Outcome

Formation of mesenchymal
progenitor cells from

epithelial precursors; essential
for neural crest formation,

heart development, etc.

Transient mesenchymal
conversion to promote fibrosis

resolution and
tissue remodeling

Acquisition of mesenchymal
traits by epithelial tumor cells,
leading to increased motility,

invasiveness, and
therapy resistance

Molecular Features

Downregulation of
E-cadherin, upregulation of
N-cadherin, SNAI1, SNAI2

(developmentally regulated)

Similar molecular profile as
type 3 but context-dependent

and reversible under
normal conditions

Persistent activation of EMT-TFs
(SNAI1, SNAI2, ZEB1, ZEB2,
TWIST1), stable repression of
epithelial genes, activation of

invasion/metastasis programs

Outcome in Cancer Not associated with neoplastic
transformation

May indirectly promote
tumorigenesis in chronic

inflammation via fibrosis and
immunosuppression

Directly contributes to
carcinogenesis, epithelial
plasticity, intravasation,

metastasis, and chemoresistance

Relevance to
Ovarian Cancer Not applicable

Chronic peritoneal
inflammation may contribute

to EMT induction and
tumor-supportive stroma

Crucial in promoting
dissemination of ovarian cancer

cells within the peritoneal
cavity, enhancing metastatic
potential and resistance to

platinum-based chemotherapy

However, in the case of HGSC, a “cadherin switching” phenomenon occurs, consisting
of an increased expression of N-cadherin and a simultaneous decrease in E-cadherin.
Additionally, the tumor cells coexpress vimentin and cytokeratin, indicating a mixture of
epithelial and mesenchymal features. This molecular characteristic is distinct not only from
benign tumors but also from other histological subtypes of ovarian cancer. This suggests
that EMT plays a direct role in the initiation and progression of HGSC, the most common
subtype of EOC cancer [65,66].

Modern research confirms the involvement of EMT in carcinogenesis [67,68]. For
example, a transcriptomic study by Xu et al. revealed the presence of EMT-related gene
signatures in HGSC cells, such as NOTCH1, SNAI2, TGFBR1, and WNT11. These genes
were associated with poorer prognosis [69]. In addition, a high percentage of infiltrating
immune cells, such as dysfunctional M1 macrophages and CD8+ TRM and TEX cells, have
been observed in early-stage tumors. As the disease progresses, CAFs take over and can
induce EMT in tumor cell cultures [70]. A study by Deng et al. (2022) confirmed that
metastatic lesions are particularly enriched in EMT-related genes, further underlining the
role of this process in the spread of ovarian cancer [71].

Among the EMT factors associated with tumorigenesis, ZEB1 is an important repressor
of the gene encoding E-cadherin (CDH1). Studies by Sohn et al. (2021) have shown
that the mesenchymal subtype of HGSC, characterized by EMT gene signatures such
as ZEB1, β-catenin, and TCF4, is associated with poorer overall survival compared to
the subtype characterized by abnormalities in homologous recombination repair (HRR)
mechanisms. Interestingly, no overlap between EMT signatures and mutations in HRR
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genes was observed, suggesting that currently used HRR-targeted drugs might prove
ineffective against the mesenchymal subtype of HGSC [66].

β-Catenin, an essential component of the Wnt pathway, is also engaged in EMT.
Mutations in β-catenin are prevalent in the endometrioid subtype of ovarian cancer, the
third most common. Activation of the Wnt/β-catenin pathway correlates with poorer
prognosis and increased tumor aggressiveness. Furthermore, increased β-catenin activity is
associated with decreased E-cadherin levels, which is characteristic of EMT and promotes
cancer cell migration and invasion [72,73].

Other histological types of ovarian cancer may also have a significant role for EMT in
their pathogenesis, although their relationship to this process is not yet fully understood.
One such type is clear-cell ovarian cancer (CCC), a rare subtype of ovarian cancer that is
notable for its poor response to platinum-based chemotherapy [74]. More than 50% of CCC
cases are associated with mutations in the gene encoding the AR-ID1A protein (AT-rich
interactive domain-containing protein 1A). Studies have shown that silencing ARID1A
in cell lines leads to the increased expression of EMT markers such as vimentin and N-
cadherin. At the same time, NF-κB-dependent PD-L1 suppression was observed, which
further emphasizes the role of ARID1A in the modulation of tumor immunosuppression, a
mechanism enabling cancer cells to evade immune response [75–77].

Ovarian carcinosarcomas, one of the rarest ovarian tumors, represent an interesting
case in EMT research due to their unique molecular environment. These rare tumors offer
the opportunity to study local interactions between epithelial and mesenchymal phenotype
cells, which may shed light on the mechanisms of EMT in oncogenesis [78]. In a recent
study by Ho et al., EMT has been shown to play a key role in the pathogenesis of carcinosar-
coma [78]. The authors observed that mesenchymal phenotype cells that retained genetic
traces of monoclonality with epithelial cells showed a significantly higher expression of
EMT-related genes. Moreover, molecular EMT scores were significantly more pronounced
in epithelial phenotype carcinosarcoma segments than classical EOC cells. These results
support the hypothesis that carcinosarcomas may arise through lineage conversion, in
which EMT plays a key role as a mechanism of phenotypic transformation [78].

3.2. Molecular Mechanisms of EMT

The molecular mechanisms of EMT in ovarian cancer involve a complex network of
intracellular signaling pathways and external stimuli from the tumor microenvironment.
The EMT process is driven by dynamic interactions between key transcription factors, such
as SNAIL, TWIST, and ZEB1, and major cell signaling pathways, involving, among others,
TGF-β, Wnt/β-catenin, Notch, and microenvironmental factors, such as hypoxia, cytokines,
and suppressor cells. Together, these mechanisms lead to the reprogramming of tumor cells,
which lose characteristic features of the epithelial phenotype, such as intercellular adhesion
and polarity, while acquiring mesenchymal features, such as motility, invasiveness, and
increased resistance to apoptosis [17,18,79].

Transcription factors play a key role in the regulation of EMT by modulating the
expression of genes responsible for cell adhesion and cytoskeletal reorganization. For
example, SNAIL and SLUG, members of the Snail protein family, repress the E-cadherin
gene CDH1, which leads to the loss of cell–cell adhesion and increased motility of cancer
cells. In turn, ZEB1 and ZEB2, by inhibiting E-cadherin and inducing the expression
of mesenchymal markers such as vimentin, enhance cell plasticity. TWIST, another key
regulator of EMT, promotes cytoskeletal reorganization and increases the expression of
mesenchymal markers such as N-cadherin, supporting the ability of cancer cells to invade
and migrate [80–82].



Int. J. Mol. Sci. 2025, 26, 4041 11 of 30

Signaling pathways constitute the molecular basis of EMT, transmitting signals from
the tumor microenvironment to transcription factors regulating EMT. TGF-β is one of
the main inducers of EMT in ovarian cancer. Activation of TGF-β receptors leads to
phosphorylation of SMAD proteins, which initiate the expression of genes promoting
EMT in the cell nucleus. Similarly, the Wnt/β-catenin pathway plays an important role in
stabilizing β-catenin, which, after translocation to the cell nucleus, activates the expression
of genes supporting the mesenchymal phenotype. In turn, the PI3K/AKT and MAPK/ERK
pathways support the transition to the mesenchymal phenotype and increase cell survival
in difficult microenvironmental conditions [18,72].

Another important pathway is Notch, which regulates cell differentiation and sur-
vival. RUNX1 can modulate the activity of this pathway, influencing the dynamic balance
between proliferation and apoptosis of cancer cells. Dysregulation of the Notch pathway is
frequently observed in ovarian cancer and is associated with poorer prognosis. The Notch
pathway acts synergistically with TGF-β, especially in hypoxic conditions, and supports
the expression of mesenchymal markers and proangiogenic factors [83,84].

One of the essential regulators of these processes is the transcription factor RUNX1,
which participates in the modulation of various signaling pathways. RUNX1 affects the
Wnt/β-catenin pathway, which is crucial for regulating the expression of genes related to
cell proliferation and differentiation. Dysregulation of this pathway can lead to uncontrolled
growth of cancer cells. In addition, RUNX1 interacts with the TGF-β pathway, which plays
a dual role in carcinogenesis: in the early stages, it acts as a tumor suppressor, inhibiting
cell proliferation, while in advanced stages, it can promote invasion and metastasis by
inducing EMT [83].

The tumor microenvironment provides extrinsic signals that stimulate EMT and
enable its maintenance. Hypoxia, a common event in the ovarian cancer microenvironment,
activates HIF-1α, which induces the expression of key EMT genes such as SNAIL, SLUG,
and TWIST, and promotes angiogenesis, increasing the tumor’s capacity for invasion and
migration. Cytokines such as IL-6 and CXCL12 activate the JAK/STAT3 and PI3K/AKT
pathways, promoting cell phenotypic transition. Suppressor cells such as M2 macrophages
and MDSCs secrete EMT-promoting factors such as TGF-β and IL-10, while suppressing
the host immune response [49–53].

3.3. Immune Cells Involved in EMT in Ovarian Cancer
3.3.1. Macrophages

TAMs play a key role in ovarian cancer progression and metastasis and are among the
most abundant immune cells in the tumor microenvironment. TAMs, which can originate
from blood monocytes and resident yolk sac-derived macrophages, perform functions far
beyond the classical tasks of phagocytosis and antigen presentation. As a major source
of cytokines, chemokines, and enzymes, TAMs modulate the tumor microenvironment,
supporting processes such as angiogenesis, invasion, metastasis, and EMT. Particularly,
TAMs exhibiting the M2 phenotype, which dominate in the advanced stages of ovarian
cancer, are key promoters of EMT and thus play an important role in the loss of epithelial
features and acquisition of mesenchymal features by tumor cells. M2 macrophages support
EMT by secreting cytokines and chemokines, including TGF-β, IL-10, and CCL18. TGF-β
activates the Smad2/3 pathway, which initiates changes in tumor cell gene expression,
leading to the loss of E-cadherin, increased vimentin expression, and increased cell in-
vasiveness. CCL18 induces the transcription factor ZEB1, which regulates EMT-related
genes and simultaneously promotes M-CSF secretion, which enhances the recruitment and
polarization of TAMs toward the M2 phenotype. IL-10 further suppresses the immune
response of T lymphocytes in the tumor microenvironment while promoting EMT by
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reducing the activity of inhibitory factors such as miR-200 [85,86]. In hypoxic conditions,
common in ovarian cancer, M2 TAMs produce IL-1β, which activates HIF-1α in tumor cells,
creating a feedback loop that enhances EMT. HIF-1α increases the expression of genes such
as SNAIL, SLUG, and TWIST, which are crucial for mesenchymal transition, and promotes
angiogenesis and tumor adaptation to hypoxia (Table 2) [87–90].

An additional mechanism supporting EMT by TAMs is activating the Wnt/β-catenin
pathway through the secretion of the ligand Wnt5a. Wnt5a, which is also produced by
mesothelial cells in neoplastic ascites, promotes EMT by activating the TGF-β1/Smad2/3
and Hippo-YAP1/TAZ-TEAD pathways. ZEB1, a key regulator of EMT, is activated in
cancer cells by CCL18 secreted by TAMs, leading to the increased expression of genes
involved in extracellular matrix degradation, such as MMP9, and promotes the recruitment
of additional TAMs by inducing CCL2 [91–93].

M2 macrophages can also promote EMT via the EGF signaling pathway. EGF pro-
duction by TAMs activates the EGFR receptor in tumor cells, promoting their migration
and invasiveness. Blockade of EGFR with inhibitors such as AG1478 reversed EMT in
experimental studies, confirming the importance of this pathway in tumor progression.
Furthermore, the long non-coding RNA LIMT expression in tumor cells showed the ability
to inhibit TAM-induced EMT, reducing tumor size and ascites in animal models, indicating
the potential use of lncRNAs in ovarian cancer therapy [87].

To conclude, the clinical significance of TAM-induced EMT is well documented, and
growing evidence points to possible diagnostic and therapeutic consequences of this phe-
nomenon. A higher ratio of M1 to M2 macrophages correlates with a better prognosis,
whereas the dominance of M2 macrophages, especially those expressing CD163, is asso-
ciated with poorer overall and progression-free survival. Selective depletion of CD163+
Tim4+ macrophages in animal models led to the inhibition of EMT, which underlines
their role in ovarian cancer progression. TAMs have also been shown to be involved in
omental metastasis, which supports their role in tumor cell dissemination. In summary,
TAMs, especially those of the M2 phenotype, are a key element of the tumor microenviron-
ment, promoting EMT and supporting tumor adaptation to changing conditions. These
mechanisms open new therapeutic possibilities, such as the repolarization of TAMs to
the M1 phenotype, blockade of TAM-secreted factors, or the use of lncRNAs, which may
significantly improve the prognosis of ovarian cancer patients [94–97].

3.3.2. TILs in Ovarian Cancer

Tumor-infiltrating lymphocytes (TILs) play an essential role in the TME of ovarian
cancer, influencing tumor progression, immune response, and the process of EMT. TILs are
defined as CD3+ T lymphocytes that infiltrate tumor margins, and their presence is usually
associated with a favorable prognosis. However, their role in EMT is more complex and
may differ depending on the subpopulations, which can be both pro- and antitumor [98,99].

TILs can influence EMT by modulating the tumor microenvironment via cytokines,
chemokines, and interactions with other TME cells. For example, CD8+ lymphocytes, cru-
cial effectors of antitumor cytotoxicity, are associated with EMT inhibition. Their presence
in the tumor correlates with less invasiveness of tumor cells and better prognosis, as con-
firmed by a study by Hwang et al. [100]. CD8+ TILs, through secretion of IFN-γ, can inhibit
EMT-related pathways, such as TGF-β/Smad, and regulate the expression of genes crucial
for maintaining the epithelial phenotype, such as E-cadherin. Additionally, the presence of
CD8+ TILs is associated with significant infiltration of M1-polarized macrophages, which
also inhibit EMT and thus promote better control of tumor progression [101–103].

In contrast, CD4+ lymphocytes, depending on their phenotype, may have a more
diverse effect on EMT. CD4+ Treg lymphocyte subsets, often present in the tumor, promote
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EMT by secreting IL-10 and TGF-β, which activate signaling pathways supporting the loss
of epithelial features and acquisition of a mesenchymal phenotype by tumor cells. Tregs
can also suppress the antitumor activity of other lymphocytes, including CD8+, which
supports the EMT process and promotes tumor aggressiveness [104–106].

Characterization of TILs in ovarian cancer may also be relevant in the context of
tumor immunological classification. Immunologically “cold” tumors, with low lymphocyte
infiltration, are often associated with advanced EMT changes and more excellent resistance
to immunotherapy [107,108]. As shown in the literature, “cold” tumors can be divided into
two patterns: quantitatively “cold”, where dysfunctional T lymphocytes are present, and
qualitatively “cold”, dominated by tumor-nonspecific lymphocytes. Primary lesions usually
exhibit quantitatively “cold” patterns, whereas a qualitatively “cold” phenotype more often
characterizes omental metastases. In both cases, the presence of EMT is intensified by the
lack of an effective lymphocytic response (Table 2) [109].

In addition, there is evidence for the involvement of specific TIL subpopulations in
regulating EMT. For example, the expression of the CD39 molecule on lymphocytes is
associated with T cell exhaustion and poorer prognosis in HGSC. Exhausted CD39+ T cells
are characterized by the loss of effector functions, which promotes EMT progression and
further tumor aggressiveness. Interestingly, subsets of these cells express markers typical
of tissue-resident memory T cells, which generally play a key role in the antitumor immune
response. Their exhaustion and loss of function in the context of ovarian cancer emphasize
the importance of TILs in the dynamic regulation of EMT [110–112].

3.3.3. Th1, Th2, Th17, Th9, and Th22 Balance in Ovarian Cancer

The balance among Th1, Th2, Th17, Th9, and Th22 lymphocyte subpopulations plays
a key role in regulating EMT in ovarian cancer, influencing the dynamics of the TME and
tumor progression. The cytokines that are secreted by different lymphocyte subpopulations
modulate EMT, leading to increased invasiveness, migration, and metastatic capacity of
tumor cells. An imbalance towards the dominance of EMT-supporting subpopulations,
such as Th2, Th17, and Th22, while weakening the function of Th1 and Th9, promotes
ovarian cancer progression and correlates with a poorer prognosis (Table 2) [113,114].

Th1 lymphocytes play a key antitumor role by secreting pro-inflammatory cytokines,
such as interferon gamma (IFN-γ) and interleukin 2 (IL-2), which enhance the cytotoxic
response of CD8+ lymphocytes and the activity of M1 macrophages. IFN-γ inhibits EMT by
regulating the TGF-β/Smad and Wnt/β-catenin pathways, limiting the loss of E-cadherin
and the acquisition of mesenchymal features by tumor cells. Th1 cytokines also support
the preservation of epithelial markers, such as cytokeratin, which reduces tumor cells’
invasiveness and metastatic capacity. Th1 deficiency in the tumor microenvironment
is commonly observed in advanced stages of ovarian cancer, which correlates with the
severity of EMT and poorer prognosis (Table 2) [115,116]

In contrast to Th1, Th2 lymphocytes support EMT by secreting anti-inflammatory
cytokines such as interleukin 4 (IL-4), interleukin 5 (IL-5), and interleukin 13 (IL-13). IL-4
activates the STAT6 pathway, which regulates EMT-related genes, increasing the expression
of mesenchymal markers such as vimentin and N-cadherin and supporting tumor cell
migration. Th2 cytokines also promote macrophage polarization to the M2 phenotype,
which enhances the secretion of TGF-β and IL-10, key regulators of EMT. Th2 dominance in
the tumor microenvironment is often associated with advanced EMT progression, increased
tumor invasiveness, and treatment resistance (Table 2) [117,118].

Th17 lymphocytes, secreting interleukin 17 (IL-17), play a dual role in ovarian cancer
EMT, which depends on the tumor microenvironment and interactions with other cytokines.
IL-17 activates signaling pathways such as NF-κB, PI3K/AKT, and STAT3, which are
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associated with EMT. Their activation leads to increased mesenchymal markers such as
vimentin and N-cadherin and decreased expression of epithelial markers such as E-cadherin.
As a result of these changes, tumor cells can migrate and invade, which supports tumor
progression and its ability to colonize distant tissues. Additionally, IL-17 can regulate the
expression of EMT transcription factors such as SNAIL, SLUG, and TWIST, enhancing
the transition to a mesenchymal phenotype. The role of Th17 cells in EMT is ambivalent
and may vary depending on the tumor microenvironment. In some contexts, IL-17 acts
protumorigenically by promoting angiogenesis and the expression of immunosuppressive
cytokines such as IL-10 and TGF-β, which support EMT and suppress the immune response.
On the other hand, IL-17 can enhance the antitumor response by recruiting neutrophils,
macrophages, and other immune effector cells that support tumor cell elimination. In
addition, IL-17 induces the production of pro-inflammatory cytokines such as IL-6, TNF-α,
and GM-CSF, which may modulate the TME in favor of an antitumor response. Depending
on the context, Th17 interacts with other cells in the TME to enhance or suppress EMT.
For example, IL-17 can stimulate CAFs to secrete proangiogenic factors such as VEGF and
extracellular matrix supporting EMT. On the other hand, IL-17 can support the recruitment
and activation of Th1 and CD8+ lymphocytes, which are crucial for antitumor immune
responses and can inhibit EMT by inhibiting signaling pathways supporting mesenchymal
transition [119–122] (Table 2 and Figure 5).
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Th9 lymphocytes, which secrete interleukin 9 (IL-9), potentially benefit from counter-
acting EMT in ovarian cancer. IL-9 enhances the activity of CD8+ lymphocytes and M1
macrophages, which inhibit EMT and support the maintenance of the epithelial phenotype
of cancer cells. In addition, IL-9 can inhibit the TGF-β/Smad pathway, which limits the
loss of E-cadherin and reduces cancer cell migration. Although the role of Th9 in EMT in
ovarian cancer is relatively poorly understood, the presence of these cells in the TME is
associated with better prognosis and lower tumor aggressiveness. On the other hand, Th9
accumulation in tumor tissue might induce EMT and metastasis through its main central
effector cytokine IL-9, as was presented in the case of lung cancer (Table 2) [123–126].
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Th22 cells, which secrete interleukin 22 (IL-22), have a variable role in regulating
EMT depending on the tumor microenvironment. IL-22 promotes EMT by activating the
JAK/STAT3 pathway, which regulates the expression of genes associated with the mes-
enchymal phenotype, such as SNAIL and TWIST. At the same time, IL-22 can promote
angiogenesis, which supports the migration and metastatic capacity of tumor cells. How-
ever, in specific contexts, IL-22 can act protectively, supporting tissue regeneration and
limiting tumor progression. The role of Th22 in EMT requires further study. Still, there is
evidence to suggest that its effect is strongly dependent on the presence of other cytokines
and interactions with other lymphocyte subpopulations (Table 2) [127,128].
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Table 2. Comparison of the functions of selected immune cells in EMT in ovarian cancer.

Cell Type Subtype Role in EMT Key
Cytokines/Factors Mechanisms of Action Prognostic Implication References

Macrophages

M1 Inhibit EMT IL-12, TNF-α
Promote inflammation and cytotoxicity; oppose

immunosuppressive signals; inhibit TGF-β
signaling; enhance antigen presentation.

Higher M1/M2 ratio is
linked to better

clinical outcomes.
[85–97]

M2 (TAMs) Promote EMT TGF-β, IL-10, CCL18, IL-1β,

Activate Smad2/3, Wnt/β-catenin, EGFR,
Hippo-YAP1/TAZ, and PI3K/AKT pathways;

induce ZEB1, TWIST, and SLUG; increase MMP9
and CCL2; support angiogenesis and hypoxia.

Correlated with poor
survival; CD163+Tim4+

TAMs drive EMT
and metastasis.

T cells CD8+ cytotoxic T cells Inhibit EMT IFN-γ
Suppress TGF-β/Smad pathway; maintain

E-cadherin and cytokeratin expression; indirectly
enhance M1 macrophage recruitment.

Associated with less
invasive tumors and

better survival.
[100–103]

T cells

Tregs (CD4+) Promote EMT IL-10, TGF-β
Suppress CD8+ T cell activity; induce
EMT-supportive signaling; promote

immunosuppression and tumor progression.

Linked to poor prognosis
and tumor immune evasion. [104–106]

CD39+ exhausted
T cells Promote EMT -

Exhibit loss of effector function; express markers
of tissue-resident memory T cells; fail to respond
to tumor antigens, allowing EMT progression.

Indicate poor
immunosurveillance and

are associated with
worse outcomes.

[110–112]

Th cells

Th1 Inhibit EMT IFN-γ, IL-2

Inhibit TGF-β/Smad and Wnt/β-catenin
pathways; preserve epithelial markers

(E-cadherin, cytokeratin); stimulate M1 and
CD8+ activity.

Protective; Th1 deficiency
correlates with advanced

EMT and worse prognosis.
[115–118]

Th2 Promote EMT IL-4, IL-5, IL-13
Activate the STAT6 pathway; upregulate
vimentin and N-cadherin; promote M2

polarization; reinforce EMT signals.

Linked to aggressive tumors
and therapy resistance.

Th17 Dual
(context-dependent) IL-17

Activate NF-κB, PI3K/AKT, and STAT3; increase
mesenchymal markers (vimentin, N-cadherin);

modulate angiogenesis and immunosuppression
or enhance immune effectors.

Role varies with the TME
context; it may promote or
inhibit EMT depending on

the cytokine milieu.

[119–122]

Th9 Inhibit EMT
(potentially) IL-9

Stimulate CD8+ and M1 cells; suppress
TGF-β/Smad signaling; may reduce EMT and
tumor aggressiveness, though conflicting roles

have been observed in other cancers.

Presence suggests favorable
prognosis; therapeutic

potential under
investigation.

[123–126]

Th22 Promote EMT IL-22

Activate JAK/STAT3; induce EMT-related
transcription factors (SNAIL, TWIST); support
angiogenesis and cell migration; occasionally

support tissue repair.

Strongly dependent on
tumor microenvironment;

mostly pro-EMT in
ovarian cancer.

[127,128]
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3.4. Recent Evidence on the Role of EMT in the Tumor Biology of Ovarian Cancer

EMT is a key biological process that plays a significant role not only in the progression
and metastasis of ovarian cancer but also in the adaptation of neoplastic cells to the dynamic
tumor microenvironment. Ongoing research binds various stages of ovarian tumorigenesis
and the concept of cancer stem cell-like cells (CSCs) to EMT [129].

There is convincing evidence that EMT is active in the early stages of neoplasia, sug-
gesting that this process plays a role in initiating tumorigenesis. EMT markers are regularly
detected in premalignant noninvasive lesions, such as fallopian tube intraepithelial lesions.
Of particular note is the marker CD44, which is also considered a potential marker of CSC.
A study by Takahashi et al. [130], showed that CD44 can activate EMT by interacting with
the CD44–moesin–actin complex. A subsequent study by Alwosaibai et al. [131], revealed
an inverse relationship between CD44 expression and PAX2 protein levels in ovarian cancer
cells. PAX2, a protein that regulates epithelial cell differentiation during embryogenesis
and postovulatory repair, is frequently mutated in secretory outgrowths (SCOUT) and
serous fallopian tube intraepithelial carcinoma (STIC). The presence of CD44+ in the distal
fallopian tube epithelium strengthens the hypothesis of a fallopian tube origin of HGSC.
Additionally, targeting CD44 with miR-199a has effectively reduced tumor growth in
in vitro and in vivo studies, making CD44 an attractive therapeutic target [130–135].

Recent studies have highlighted the important role of EMT-related lncRNAs in regu-
lating these oncogenic processes in ovarian cancer. Long non-coding RNAs (lncRNAs) are
RNA molecules exceeding 200 nucleotides in length that do not encode proteins but per-
form key regulatory functions in various biological processes, including EMT. EMT-related
lncRNAs can act as oncogenes or tumor suppressors by influencing various molecular
pathways. For example, lncRNA HOTAIR promotes EMT in ovarian cancer by modulating
EMT markers’ expression, which increases cancer cells’ ability to invade and metastasize.
Similarly, lncRNA MALAT1 is associated with increased EMT and poor prognosis in ovarian
cancer patients. On the other hand, some lncRNAs, such as MEG3, act as tumor suppres-
sors by inhibiting EMT and limiting tumor progression. The regulatory mechanisms of
EMT-related lncRNAs in ovarian cancer are diverse. LncRNAs can act as competitive
endogenous RNAs (ceRNAs), capturing microRNAs (miRNAs) and regulating the expres-
sion of EMT-related genes. Additionally, lncRNAs can interact with chromatin-modifying
complexes to influence gene expression at the epigenetic level. For example, HOTAIR can
recruit the PRC2 complex to specific gene promoters, leading to histone modifications
that promote EMT. Understanding the role of EMT-related lncRNAs in ovarian cancer is
of significant clinical importance. LncRNAs show potential as diagnostic and prognostic
biomarkers due to their specific tissue expression and stability in body fluids. Furthermore,
targeting EMT-related lncRNAs may provide novel therapeutic strategies to inhibit EMT,
limit metastasis, and overcome drug resistance in ovarian cancer [136].

Although not always highlighted, EMT should not be conceptualized as a linear
process; intermediate “EMT hybrid” (E/M) cells may play an even more critical role in
tumor progression than purely epithelial or mesenchymal cells. A study by Strauss et al.
has demonstrated the presence of transitional E/M hybrid cells in situ in ovarian cancer,
underlining their importance in tumor development. They found that all CD133+ cells,
which are considered a marker of CSCs, had features of the E/M phenotype, underlining
the crucial link between the EMT transition and cancer stem cells. E/M hybrid cells are
characterized by high phenotypic plasticity and the ability to adapt to the variable tumor
microenvironment, making them particularly difficult to target in therapy [137].

In addition, EMT studies suggest a link between intermediate steps of EMT and the
formation of premetastatic niches that support tumor cell colonization and metastasis.
This process highlights the importance of dynamic interactions between the tumor mi-
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croenvironment and tumor cells. The importance of EMT in ovarian cancer goes beyond
its role in migration and invasion; it also plays a central role in resistance to therapies
and regulation of the immune response, making it a priority target for new therapeutic
strategies. Understanding the detailed mechanisms of EMT, including the role of E/M
hybrid cells, is a significant challenge in oncology. Still, at the same time, it offers hope for
more precise and effective methods of treating ovarian cancer [138–141].

3.5. The Importance of EMT in Ovarian Cancer Chemotherapy

EMT plays a key role in chemotherapy resistance in ovarian cancer by influencing
the ability of cancer cells to evade apoptosis, adapt to the TME, and develop a multidrug
resistance (MDR) phenotype. By reprogramming the phenotype of cancer cells, EMT allows
them to acquire mesenchymal characteristics, such as motility, invasiveness, resistance to
oxidative stress, and altered metabolic pathways, which are key to evading the effects of
chemotherapeutic agents (Figure 6).
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The EMT process leads to molecular reprogramming that reduces the sensitivity of
cells to apoptosis while increasing the expression of antiapoptotic proteins such as Bcl-
2 and Bcl-xL. The activation of PI3K/AKT signaling pathways and suppression of the
p53 pathway by EMT transcription factors such as SNAIL and ZEB1 further enhance the
ability of cancer cells to evade chemotherapy-induced apoptotic mechanisms. Furthermore,
EMT promotes the development of the MDR phenotype by regulating ABC transporters
such as P-gp and BCRP, which actively remove chemotherapeutic agents from cells. This
mechanism is supported by the activation of TGF-β/Smad pathways and reorganization of
the plasma membrane, which limit drug penetration. EMT cells also undergo metabolic
reprogramming that supports their survival under chemotherapy-induced stress. They
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change their energy sources, switching to aerobic glycolysis (Warburg effect), which allows
for better adaptation to hypoxic conditions in the tumor microenvironment. Additionally,
they increase the production of glutathione (GSH), which protects them from oxidative
stress, and change lipid pathways, supporting the biosynthesis and oxidation of fatty acids,
increasing their resistance to chemotherapy [142–144].

EMT in ovarian cancer is closely associated with interactions with the tumor mi-
croenvironment, including CAFs, M2 macrophages, and Treg cells. Cells undergoing EMT
secrete cytokines and growth factors, such as TGF-β, IL-6, and VEGF, which support an-
giogenesis, immunosuppression, and the formation of protective niches within the tumor.
CAFs support EMT by providing extracellular matrix components and modulating signal-
ing pathways that support mesenchymal transition. Furthermore, M2 macrophages and
Treg cells in the tumor microenvironment promote EMT and related processes, such as
invasiveness and metastasis [145–147].

As was previously stated, EMT is also associated with the acquisition of a CSC phe-
notype that is particularly resistant to chemotherapy. These cells are characterized by
the ability to self-renew, the high activity of DNA repair enzymes, and the expression of
markers such as CD44 and CD133, which support their survival and ability to adapt to
a changing environment. The presence of these cells in the tumor is associated with an
aggressive course of the disease and resistance to many therapies [147,148].

The influence of EMT on the efficacy of specific chemotherapeutic therapies is par-
ticularly evident in the case of drugs such as cisplatin, paclitaxel, and PARP inhibitors.
Cells subjected to EMT are more resistant to cisplatin due to increased activity of DNA
repair systems such as homologous recombination (HR). In the case of paclitaxel, changes
in the cytoskeleton of mesenchymal cells limit the drug’s efficacy, which stabilizes micro-
tubules. EMT cells are also less sensitive to PARP inhibitors, which results from activating
alternative DNA repair mechanisms [149].

One of the key mechanisms linking EMT to tumor resistance to immunotherapy is the
increased expression of immune checkpoint molecules such as PD-L1. EMT has been shown
to promote PD-L1 expression on the surface of tumor cells, inhibiting cytotoxic T cell activity
and facilitating tumor progression [150]. The overexpression of PD-L1 plays a crucial role in
the mechanisms of immune evasion by CD8+ lymphocytes, which is confirmed by studies
showing that tumors subjected to EMT are characterized by significantly higher PD-L1
expression [151].

In the context of ovarian cancer, the relationship between EMT status and immunother-
apy efficacy is becoming increasingly well documented. According to the results of Li
et al., patients with a higher EMT index show reduced efficacy of checkpoint inhibitors
and limited tumor infiltration by T lymphocytes [115]. EMT contributes to the formation of
the TME, including through the recruitment of Tregs and MDSCs, inhibiting the antitumor
response [152].

Of particular importance in this context is the TGF-β pathway, considered one of the
key inducers of EMT. The activation of this pathway triggers several mechanisms leading to
the development of immunosuppression in ovarian cancer [153], including the recruitment
of TAMs, which enhance the tumor’s ability to evade immune surveillance [115].

These changes have important clinical implications for the efficacy of immunotherapy.
Although checkpoint inhibitors such as anti-PD-1 and anti-PD-L1 antibodies demonstrate
high efficacy in many cancers, their efficacy in ovarian cancer remains limited. According
to data published by Su et al., response rates to these therapies in this group of patients
reach only 11.5–15%, which is lower compared to other types of cancer [154].

Similar limitations also apply to vaccine strategies. Reactive changes occurring in
the TME, including the accumulation of immunosuppressive factors, effectively limit the
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recruitment and activation of T lymphocytes specific for tumor antigens [155]. For example,
the presence of IL-10 and TGF-β in the ascites of ovarian cancer patients is a clear example
of environmental inhibition of post-vaccination response [156].

Current clinical trials focus on combination strategies, in which ICIs are used together
with chemotherapy or other standard drugs to overcome EMT-related resistance. Hartl
et al. showed that combining chemotherapy with T cell-enhancing immunotherapy can sig-
nificantly improve survival in preclinical models of ovarian cancer [157]. These results are
consistent with reports suggesting that combination therapies can more effectively reverse
the immunosuppressive properties of the TME [158]. Promising effects have also been
observed in studies using niraparib (PARP inhibitor) in combination with pembrolizumab
(anti-PD-1 antibody), which showed higher efficacy than standard therapies [159]. Similar
results have been obtained in studies combining bevacizumab with checkpoint inhibitors,
indicating the potential of these strategies in the treatment of recurrent and metastatic
ovarian cancer [160]. Growing evidence suggests that exosomes are essential in promoting
EMT and immune evasion in ovarian cancer. Studies by Cai et al. have shown that exo-
somes secreted by TGF-β1-treated fibroblasts can carry specific microRNAs that induce
the expression of EMT-related genes in cancer cells [161]. This indicates the necessity
of considering exosomal communication in the TME as a potential therapeutic target,
especially in improving the response to immunotherapy. Despite the promising results
of combination therapies, effective targeting of EMT and its associated immune evasion
mechanisms remains challenging. Liu et al. emphasize that moderate response rates to
ICIs require developing new strategies that simultaneously enhance the T cell response and
break EMT-driven immunosuppression [162]. It is also crucial to better understand the role
of tumor stroma components—such as tumor-associated macrophages and fibroblasts—in
modulating the immune response and regulating EMT [163]. An additional challenge
is the concern about the occurrence of so-called hyperprogressive disease in response to
immunotherapy, which may be of particular importance in patients with advanced ovarian
cancer exhibiting features of EMT [164]. This phenomenon underscores the need to develop
comprehensive biomarkers that will allow for the precise tailoring of treatment to the
individual characteristics of a given patient’s TME and EMT status.

Therefore, therapeutic strategies aimed at inhibiting EMT may be a promising way
of improving the efficacy of immunotherapy in ovarian cancer. The reduction in EMT
activity may lead to the transformation of the TME into a more immunogenic and protumor
response. For this purpose, TGF-β pathway inhibitors and transcription factors regulating
EMT are considered. Moreover, combining immunotherapy with targeted therapies in EMT
may demonstrate a synergistic effect, improving the treatment’s efficacy and limiting the
tumor phenotype’s aggressiveness [165].

4. Further Research on EMT in the Development, Progression, and
Treatment of Ovarian Cancer
4.1. EMT Transcription Factors and Apoptosis Resistance and Multidrug Resistance

Understanding the mechanisms of EMT opens new research directions that can con-
tribute to more effective diagnostic, prognostic, and therapeutic strategies. One of the
priority areas of research is the identification of EMT signaling pathways, such as TGF-
β/Smad, Wnt/β-catenin, and Hip-po/YAP/TAZ. These pathways regulate the plasticity
of cancer cells and affect their ability to metastasize and adapt in the tumor microenvi-
ronment. Interactions between EMT and inflammatory processes in the tumor, including
the role of inflammasomes, also require further investigation. It is also essential to deepen
the knowledge of transcription factors, such as SNAIL, SLUG, ZEB1, ZEB2, and TWIST,
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which modulate EMT, influencing the ability of cancer cells to avoid apoptosis and the
development of the MDR phenotype [166–168].

The TME plays a key role in the regulation of EMT. Studies should focus on interactions
between cancer cells, CAFs, M2 macrophages, and Treg lymphocytes. These cells secrete
cytokines such as TGF-β, IL-6, and VEGF, which support EMT and promote ovarian cancer
progression. As one of the main factors of the TME, hypoxia supports EMT by activating
HIF-1α, which promotes the formation of premetastatic niches. Equally important are
immunological interactions, including the influence of immune cells such as Th17 lympho-
cytes, which can both support and inhibit EMT depending on the local microenvironmental
conditions. Due to the complex effect of Th17 on EMT, the modulation of this lymphocyte
subpopulation is a potential therapeutic target in ovarian cancer. Studies indicate that den-
dritic vaccines inducing a Th17 response can effectively stimulate an antitumor response in
preclinical models of ovarian cancer. Moreover, IL-17 is important in improving the efficacy
of combination therapies, such as immune checkpoint inhibitors, even in cases of primary
or acquired resistance to these therapies. On the other hand, IL-17 blockade in selected
cases could limit EMT and tumor aggressiveness, suggesting a bi-pronged therapeutic
approach depending on the characteristics of the TME. Likewise, Th9 cells’ effect on the
induction of EMT might be countered by the anti-neoplastic effects of their cytokines, which
might be used in selective targeting of specific signaling pathways [115–128].

4.2. The Relationship Between EMT and the Cancer Stem Cell (CSC) Phenotype and
Resistance Mechanisms

There is a close relationship between EMT and the acquisition of cancer stem cell
(CSC) characteristics. During EMT, epithelial cells undergo reprogramming, which often
coincides with the stem cell phenotype; they demonstrate the ability to self-renew, slowly
divide, and resist many therapies. In ovarian cancer, several markers characteristic of cells
with stem cell characteristics have been identified: these include, among others, the surface
proteins CD44 and CD133 (Prominin-1) and high activity of the enzyme ALDH1 (aldehyde
dehydrogenase). CD133+/ALDH+ cells isolated from ovarian tumors showed the ability to
initiate new tumors (high oncogenic potential) and at the same time were characterized
by the EMT transcriptional profile; they had increased invasiveness and expression of
vimentin and N-cadherin. This suggests that EMT promotes the emergence of a CSC-like
population. Conversely, many CSCs can spontaneously adopt mesenchymal features. For
example, ALDH1-bright ovarian cancer cells show increased migration, invasiveness, and
resistance to apoptosis—typical attributes of EMT cells. Such phenotypic plasticity is a
therapeutic challenge: even if most tumor cells are destroyed, the remaining EMT/CSC
cells can give rise to disease relapse. One of the resistance mechanisms associated with
this phenotype is the overexpression of ABC transporters (ATP-binding cassette). Cells
after EMT often show an increased expression of P-glycoprotein (ABCB1, P-gp) or MRP1-5
(ABCC) or BCRP (ABCG2) proteins, which actively remove drugs from cells, causing
multidrug resistance (MDR). It has been shown that the expression of ABC genes changes
dynamically during EMT; as epithelial features are lost, there is a gradual increase in the
level of efflux pumps protecting the cell from cytostatics. Additionally, EMT/CSC cells
can use DNA repair mechanisms to survive chemotherapy-induced damage (e.g., the
aforementioned regulation by ZEB1) and switch metabolism to a more favorable one under
stress conditions (e.g., aerobic glycolysis or use of alternative energy sources). In clinical
practice, it has been found that recurrent ovarian tumors often show increased levels of
CSC and EMT markers compared to primary tumors, which is associated with resistance to
standard platinum drugs and taxanes. Therefore, treatment strategies increasingly target
these populations; studies are underway on inhibitors of pathways maintaining CSC self-
renewal (e.g., Notch, Hedgehog, Wnt), immunotherapy directed against CSC markers (e.g.,
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anti-CD133), and desensitization of ABC pumps (P-glycoprotein inhibitors). Significantly,
eliminating the EMT/CSC phenotype or inducing differentiation of these cells to a more
epithelial state could significantly improve the efficacy of treatment and reduce the risk of
relapse [168–171].

4.3. EMT–MET Plasticity in Metastasis: Significance and Therapeutic Implications

EMT is a reversible process; cells that have undergone a mesenchymal transition retain
the ability to reacquire epithelial features through MET (mesenchymal–epithelial transition).
Such EMT–MET plasticity is crucial for the complete success of the metastasis process. In the
metastasis model proposed by Jean-Paul Thiery as early as 2002, cancer cells must undergo
EMT to leave the primary tumor and migrate to distant tissues but then undergo MET in
a new habitat to organize the growth of a secondary tumor [172]. In the case of ovarian
cancer, whose metastases often develop in the peritoneum and omentum, it is observed that
cells present in the ascitic fluid (circulating in the abdominal cavity) show the EMT marker
phenotype. In contrast, cells in secondary foci can partially regain epithelial markers.
Intermediate states (partial EMT) further facilitate this adaptation; E/M hybrid cells can
both circulate and efficiently colonize a new site, depending on environmental signals.
However, this plasticity is a double-edged sword from a therapeutic perspective: blocking
EMT at the primary tumor stage may paradoxically retain cells in an epithelial state, which
form large solid tumors but are more sensitive to drugs; on the other hand, allowing
EMT allows cells to disperse but may later enable MET and metastatic growth. Therefore,
different therapeutic approaches targeting plasticity are being discussed: inhibiting both
EMT and MET (so that circulating cells remain quiescent and do not establish colonies)
or, on the contrary, pharmacologically enforcing MET before cells reach the metastatic
niche, making them more sensitive to anoikis (death after loss of connections) and immune
attack. For now, such interventions are at the preclinical stage. One clue is that the partial
EMT state seems to be the most oncogenic; searching for molecules that would “lock” the
cell in one state is ongoing. For example, activating certain epigenetic factors can block
the ability to undergo MET, which would lock circulating cells in the mesenchymal state,
depriving them of the ability to metastasize (but such cells can remain latent for a long
time). Alternatively, anti-adhesion therapies in target niches are being considered—since
colonization requires the re-formation of epithelial connections, integrin or cadhedrin
inhibitors at the site of potential metastasis could impede the settlement of incoming cells.
From a clinical point of view, single-cell examination of circulating tumor cells (CTCs) and
cells in ascitic fluid allows for assessment of these cells’ EMT/MET stage and prediction
of the risk of metastasis. EMT/MET plasticity is therefore a central point of metastasis
and a target for new anti-metastatic strategies: an ideal therapy should either prevent
both processes (EMT and MET) or manipulate them so that cancer cells are “trapped” in
non-survivable states [17,138,173].

The role of EMT in ovarian cancer metastasis also requires further investigation. The
mechanisms by which EMT promotes metastatic colonization, including E/M cell plasticity
and EMT-to-MET (epithelial transition) reversal, may provide valuable information on
the ability of cells to adapt in distant tissues. Understanding these processes is crucial
for developing targeted therapies limiting tumor dissemination. In the therapeutic area,
EMT inhibitors, such as anti-TGF-β antibodies, Hippo/YAP/TAZ pathway modulators,
or Wnt/β-catenin inhibitors, are particularly promising. Combining such therapies with
immune checkpoint inhibitors (PD-1/PD-L1) or chemotherapy may significantly improve
treatment efficacy. The use of new technologies, such as single-target RNA sequencing
(scRNA-seq), may provide more detailed information on the heterogeneity of cells subjected
to EMT and their interactions with the TME. Three-dimensional cell culture models and
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ovarian cancer organoids that more faithfully represent in vivo conditions may be essential
tools for studying EMT and testing new therapies.
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16. Rajtak, A.; Ostrowska-Leśko, M.; Żak, K.; Tarkowski, R.; Kotarski, J.; Okła, K. Integration of Local and Systemic Immunity in
Ovarian Cancer: Implications for Immunotherapy. Front. Immunol. 2022, 13, 1018256. [CrossRef] [PubMed]

https://www.wcrf.org/preventing-cancer/cancer-statistics/ovarian-cancer-statistics/
https://www.wcrf.org/preventing-cancer/cancer-statistics/ovarian-cancer-statistics/
https://doi.org/10.2147/IJWH.S197604
https://doi.org/10.1186/s12889-022-13861-y
https://www.ncbi.nlm.nih.gov/pubmed/35907822
https://www.figo.org/news/global-ovarian-cancer-rates-rising
https://doi.org/10.1016/j.ygyno.2024.02.021
https://www.ncbi.nlm.nih.gov/pubmed/38442493
https://doi.org/10.1016/j.clinsp.2023.100204
https://www.ncbi.nlm.nih.gov/pubmed/37148829
https://www.cancerresearchuk.org/about-cancer/ovarian-cancer/survival
https://doi.org/10.7759/cureus.30561
https://doi.org/10.17219/acem/159799
https://doi.org/10.14740/jocmr4853
https://doi.org/10.3390/cancers13092067
https://doi.org/10.1615/CritRevImmunol.2013006813
https://doi.org/10.3390/jcm9092967
https://doi.org/10.1016/j.ejcsup.2019.12.002
https://www.ncbi.nlm.nih.gov/pubmed/33240443
https://newsnetwork.mayoclinic.org/discussion/harnessing-the-immune-system-to-fight-ovarian-cancer/
https://newsnetwork.mayoclinic.org/discussion/harnessing-the-immune-system-to-fight-ovarian-cancer/
https://doi.org/10.3389/fimmu.2022.1018256
https://www.ncbi.nlm.nih.gov/pubmed/36439144


Int. J. Mol. Sci. 2025, 26, 4041 24 of 30

17. Loret, N.; Denys, H.; Tummers, P.; Berx, G. The Role of Epithelial-to-Mesenchymal Plasticity in Ovarian Cancer Progression and
Therapy Resistance. Cancers 2019, 11, 838. [CrossRef] [PubMed]

18. Fang, D.; Chen, H.; Zhu, J.Y.; Wang, W.; Teng, Y.; Ding, H.-F.; Jing, Q.; Su, S.-B.; Huang, S. Epithelial-Mesenchymal Transition of
Ovarian Cancer Cells Is Sustained by Rac1 through Simultaneous Activation of MEK1/2 and Src Signaling Pathways. Oncogene
2017, 36, 1546–1558. [CrossRef]

19. Preston, C.C.; Goode, E.L.; Hartmann, L.C.; Kalli, K.R.; Knutson, K.L. Immunity and Immune Suppression in Human Ovarian
Cancer. Immunotherapy 2011, 3, 539–556. [CrossRef]

20. Immune Cells Within Ovarian Tumors Linked to Survival—NCI. Available online: https://www.cancer.gov/news-events/
cancer-currents-blog/2017/ovarian-cancer-tils-survival (accessed on 23 December 2024).

21. Launonen, I.-M.; Niemiec, I.; Hincapié-Otero, M.; Erkan, E.P.; Junquera, A.; Afenteva, D.; Falco, M.M.; Liang, Z.; Salko, M.;
Chamchougia, F.; et al. Chemotherapy Induces Myeloid-Driven Spatially Confined T Cell Exhaustion in Ovarian Cancer. Cancer
Cell 2024, 42, 2045–2063.e10. [CrossRef]

22. Blanc-Durand, F.; Pautier, P.; Michels, J.; Leary, A. Targeting the Immune Microenvironment in Ovarian Cancer Therapy—Mission
Impossible? ESMO Open 2024, 9, 102936. [CrossRef]

23. Rump, A.; Morikawa, Y.; Tanaka, M.; Minami, S.; Umesaki, N.; Takeuchi, M.; Miyajima, A. Binding of Ovarian Cancer Antigen
CA125/MUC16 to Mesothelin Mediates Cell Adhesion. J. Biol. Chem. 2004, 279, 9190–9198. [CrossRef]

24. Manning-Geist, B.L.; Gnjatic, S.; Aghajanian, C.; Konner, J.; Kim, S.H.; Sarasohn, D.; Soldan, K.; Tew, W.P.; Sarlis, N.J.; Zamarin,
D.; et al. Phase I Study of a Multivalent WT1 Peptide Vaccine (Galinpepimut-S) in Combination with Nivolumab in Patients with
WT1-Expressing Ovarian Cancer in Second or Third Remission. Cancers 2023, 15, 1458. [CrossRef]

25. Kyi, C.; Doubrovina, E.; Zhou, Q.; Kravetz, S.; Iasonos, A.; Aghajanian, C.; Sabbatini, P.; Spriggs, D.; O’Reilly, R.J.; O’Cearbhaill,
R.E. Phase I Dose Escalation Safety and Feasibility Study of Autologous WT1-Sensitized T Cells for the Treatment of Patients with
Recurrent Ovarian Cancer. J. Immunother. Cancer 2021, 9, e002752. [CrossRef]

26. Chow, S.; Berek, J.S.; Dorigo, O. Development of Therapeutic Vaccines for Ovarian Cancer. Vaccines 2020, 8, 657. [CrossRef]
27. Hilliard, T.S. The Impact of Mesothelin in the Ovarian Cancer Tumor Microenvironment. Cancers 2018, 10, 277. [CrossRef]

[PubMed]
28. Zheng, A.; Wei, Y.; Zhao, Y.; Zhang, T.; Ma, X. The Role of Cancer-Associated Mesothelial Cells in the Progression and Therapy of

Ovarian Cancer. Front. Immunol. 2022, 13, 1013506. [CrossRef]
29. Galassi, C.; Chan, T.A.; Vitale, I.; Galuzzi, L. The hallmarks of cancer immune evasion. Cancer Cell 2024, 42, 1825–1863. [CrossRef]
30. Ghisoni, E.; Morotti, M.; Sarivalasis, A.; Grimm, A.J.; Kandalaft, L.; Laniti, D.D.; Coukos, G. Immunotherapy for Ovarian Cancer:

Towards a Tailored Immunophenotype-Based Approach. Nat. Rev. Clin. Oncol. 2024, 21, 801–817. [CrossRef]
31. Lasek, W. Cancer Immunoediting Hypothesis: History, Clinical Implications and Controversies. Cent. Eur. J. Immunol. 2022, 47,

168–174. [CrossRef] [PubMed]
32. Romanchik, D.; Albukhari, A.; Artibani, M.; Ahmed, A.A. Role of Immunotherapy in Ovarian Cancer: A Narrative Review.

Gynecol. Pelvic Med. 2022, 5, 33. [CrossRef]
33. Yang, Y.; Yang, Y.; Yang, J.; Zhao, X.; Wei, X. Tumor Microenvironment in Ovarian Cancer: Function and Therapeutic Strategy.

Front. Cell Dev. Biol. 2020, 8, 758. [CrossRef] [PubMed]
34. Garlisi, B.; Lauks, S.; Aitken, C.; Ogilvie, L.M.; Lockington, C.; Petrik, D.; Eichhorn, J.S.; Petrik, J. The Complex Tumor

Microenvironment in Ovarian Cancer: Therapeutic Challenges and Opportunities. Curr. Oncol. 2024, 31, 3826–3844. [CrossRef]
35. Blanc-Durand, F.; Clemence Wei Xian, L.; Tan, D.S.P. Targeting the Immune Microenvironment for Ovarian Cancer Therapy. Front.

Immunol. 2023, 14, 1328651. [CrossRef]
36. Chen, J.; Yang, L.; Ma, Y.; Zhang, Y. Recent Advances in Understanding the Immune Microenvironment in Ovarian Cancer. Front.

Immunol. 2024, 15, 1412328. [CrossRef]
37. Zhang, M.; Chen, Z.; Wang, Y.; Zhao, H.; Du, Y. The Role of Cancer-Associated Fibroblasts in Ovarian Cancer. Cancers 2022, 14,

2637. [CrossRef]
38. Fang, Y.; Xiao, X.; Wang, J.; Dasari, S.; Pepin, D.; Nephew, K.P.; Zamarin, D.; Mitra, A.K. Cancer Associated Fibroblasts Serve as

an Ovarian Cancer Stem Cell Niche through Noncanonical Wnt5a Signaling. npj Precis. Onc. 2024, 8, 7. [CrossRef] [PubMed]
39. Axemaker, H.; Plesselova, S.; Calar, K.; Jorgensen, M.; Wollman, J.; de la Puente, P. Reprogramming of Normal Fibroblasts

into Ovarian Cancer-Associated Fibroblasts via Non-Vesicular Paracrine Signaling Induces an Activated Fibroblast Phenotype.
Biochim. Biophys. Acta BBA Mol. Cell Res. 2024, 1871, 119801. [CrossRef] [PubMed]

40. Cho, A.; Howell, V.M.; Colvin, E.K. The Extracellular Matrix in Epithelial Ovarian Cancer—A Piece of a Puzzle. Front. Oncol.
2015, 5, 245. [CrossRef] [PubMed]

41. Puttock, E.H.; Tyler, E.J.; Manni, M.; Maniati, E.; Butterworth, C.; Burger Ramos, M.; Peerani, E.; Hirani, P.; Gauthier, V.; Liu, Y.;
et al. Extracellular Matrix Educates an Immunoregulatory Tumor Macrophage Phenotype Found in Ovarian Cancer Metastasis.
Nat. Commun. 2023, 14, 2514. [CrossRef]

https://doi.org/10.3390/cancers11060838
https://www.ncbi.nlm.nih.gov/pubmed/31213009
https://doi.org/10.1038/onc.2016.323
https://doi.org/10.2217/imt.11.20
https://www.cancer.gov/news-events/cancer-currents-blog/2017/ovarian-cancer-tils-survival
https://www.cancer.gov/news-events/cancer-currents-blog/2017/ovarian-cancer-tils-survival
https://doi.org/10.1016/j.ccell.2024.11.005
https://doi.org/10.1016/j.esmoop.2024.102936
https://doi.org/10.1074/jbc.M312372200
https://doi.org/10.3390/cancers15051458
https://doi.org/10.1136/jitc-2021-002752
https://doi.org/10.3390/vaccines8040657
https://doi.org/10.3390/cancers10090277
https://www.ncbi.nlm.nih.gov/pubmed/30134520
https://doi.org/10.3389/fimmu.2022.1013506
https://doi.org/10.1016/j.ccell.2024.09.010
https://doi.org/10.1038/s41571-024-00937-4
https://doi.org/10.5114/ceji.2022.117376
https://www.ncbi.nlm.nih.gov/pubmed/36751395
https://doi.org/10.21037/gpm-22-18
https://doi.org/10.3389/fcell.2020.00758
https://www.ncbi.nlm.nih.gov/pubmed/32850861
https://doi.org/10.3390/curroncol31070283
https://doi.org/10.3389/fimmu.2023.1328651
https://doi.org/10.3389/fimmu.2024.1412328
https://doi.org/10.3390/cancers14112637
https://doi.org/10.1038/s41698-023-00495-5
https://www.ncbi.nlm.nih.gov/pubmed/38191909
https://doi.org/10.1016/j.bbamcr.2024.119801
https://www.ncbi.nlm.nih.gov/pubmed/39038611
https://doi.org/10.3389/fonc.2015.00245
https://www.ncbi.nlm.nih.gov/pubmed/26579497
https://doi.org/10.1038/s41467-023-38093-5


Int. J. Mol. Sci. 2025, 26, 4041 25 of 30

42. Brown, Y.; Hua, S.; Tanwar, P.S. Extracellular Matrix in High-Grade Serous Ovarian Cancer: Advances in Understanding of
Carcinogenesis and Cancer Biology. Matrix Biol. 2023, 118, 16–46. [CrossRef]

43. Yin, H.; Wang, J.; Li, H.; Yu, Y.; Wang, X.; Lu, L.; Lv, C.; Chang, B.; Jin, W.; Guo, W.; et al. Extracellular Matrix Protein-1 Secretory
Isoform Promotes Ovarian Cancer through Increasing Alternative mRNA Splicing and Stemness. Nat. Commun. 2021, 12, 4230.
[CrossRef]

44. Gertych, A.; Walts, A.E.; Cheng, K.; Liu, M.; John, J.; Lester, J.; Karlan, B.Y.; Orsulic, S. Dynamic Changes in the Extracellular
Matrix in Primary, Metastatic, and Recurrent Ovarian Cancers. Cells 2022, 11, 3769. [CrossRef]

45. Nadiarnykh, O.; LaComb, R.B.; Brewer, M.A.; Campagnola, P.J. Alterations of the Extracellular Matrix in Ovarian Cancer Studied
by Second Harmonic Generation Imaging Microscopy. BMC Cancer 2010, 10, 94. [CrossRef]

46. Markowska, A.; Sawicki, W.; Zurawski, J.; Fechner, J.; Markowska, J. The Role of Selected Molecular Factors in Ovarian Cancer
Metastasis. Ginekol. Pol. 2022, 93, 670–674. [CrossRef] [PubMed]

47. Bednarek, W.; Wertel, I.; Marzec-Kotarska, B.; Ćwiklińska, A.; Kotarski, J. The Evaluation of Selected Clinical and Biochemical
Parameters in Women with Ovarian Cancer in a 5-Year Observation Period. Menopause Rev. 2011, 10, 106–113.

48. Nakayama, K.; Nakayama, N.; Katagiri, H.; Miyazaki, K. Mechanisms of Ovarian Cancer Metastasis: Biochemical Pathways. Int.
J. Mol. Sci. 2012, 13, 11705–11717. [CrossRef]

49. Fahmi, M.N.; Pradjatmo, H.; Astuti, I.; Nindrea, R.D. Cytokines as Prognostic Biomarkers of Epithelial Ovarian Cancer (EOC): A
Systematic Review and Meta-Analysis. Asian Pac. J. Cancer Prev. 2021, 22, 315–323. [CrossRef] [PubMed]

50. Ovarian Cancer and Inflammation. Part 1. Pro-Inflammatory Cytokines. Available online: https://progressinhealthsciences.
publisherspanel.com/article/01.3001.0012.1329/en (accessed on 23 December 2024).

51. Browning, L.; Patel, M.R.; Horvath, E.B.; Tawara, K.; Jorcyk, C.L. IL-6 and Ovarian Cancer: Inflammatory Cytokines in Promotion
of Metastasis. Cancer Manag. Res. 2018, 10, 6685–6693. [CrossRef]

52. Luo, X.; Xu, J.; Yu, J.; Yi, P. Shaping Immune Responses in the Tumor Microenvironment of Ovarian Cancer. Front. Immunol. 2021,
12, 692360. [CrossRef]

53. Yabuno, A.; Matsushita, H.; Hamano, T.; Tan, T.Z.; Shintani, D.; Fujieda, N.; Tan, D.S.P.; Huang, R.Y.-J.; Fujiwara, K.; Kakimi, K.;
et al. Identification of Serum Cytokine Clusters Associated with Outcomes in Ovarian Clear Cell Carcinoma. Sci. Rep. 2020, 10,
18503. [CrossRef]

54. Bose, S.; Saha, P.; Chatterjee, B.; Srivastava, A.K. Chemokines Driven Ovarian Cancer Progression, Metastasis and Chemoresis-
tance: Potential Pharmacological Targets for Cancer Therapy. Semin. Cancer Biol. 2022, 86, 568–579. [CrossRef]

55. Barbieri, F.; Bajetto, A.; Florio, T. Role of Chemokine Network in the Development and Progression of Ovarian Cancer: A Potential
Novel Pharmacological Target. J. Oncol. 2010, 2010, 426956. [CrossRef]

56. Popple, A.; Durrant, L.G.; Spendlove, I.; Rolland, P.; Scott, I.V.; Deen, S.; Ramage, J.M. The Chemokine, CXCL12, Is an Independent
Predictor of Poor Survival in Ovarian Cancer. Br. J. Cancer 2012, 106, 1306–1313. [CrossRef]

57. Huang, X.; Hao, J.; Tan, Y.Q.; Zhu, T.; Pandey, V.; Lobie, P.E. CXC Chemokine Signaling in Progression of Epithelial Ovarian
Cancer: Theranostic Perspectives. Int. J. Mol. Sci. 2022, 23, 2642. [CrossRef] [PubMed]

58. Klemba, A.; Bodnar, L.; Was, H.; Brodaczewska, K.K.; Wcislo, G.; Szczylik, C.A.; Kieda, C. Hypoxia-Mediated Decrease of Ovarian
Cancer Cells Reaction to Treatment: Significance for Chemo- and Immunotherapies. Int. J. Mol. Sci. 2020, 21, 9492. [CrossRef]

59. Li, M.; Li, L.; Cheng, X.; Li, L.; Tu, K. Hypoxia Promotes the Growth and Metastasis of Ovarian Cancer Cells by Suppressing
Ferroptosis via Upregulating SLC2A12. Exp. Cell Res. 2023, 433, 113851. [CrossRef]

60. Shih, H.-J.; Chang, H.-F.; Chen, C.-L.; Torng, P.-L. Differential Expression of Hypoxia-Inducible Factors Related to the Invasiveness
of Epithelial Ovarian Cancer. Sci. Rep. 2021, 11, 22925. [CrossRef] [PubMed]

61. Pereira, M.; Matuszewska, K.; Jamieson, C.; Petrik, J. Characterizing Endocrine Status, Tumor Hypoxia and Immunogenicity for
Therapy Success in Epithelial Ovarian Cancer. Front. Endocrinol. 2021, 12, 772349. [CrossRef]

62. Vergara, D.; Merlot, B.; Lucot, J.-P.; Collinet, P.; Vinatier, D.; Fournier, I.; Salzet, M. Epithelial–Mesenchymal Transition in Ovarian
Cancer. Cancer Lett. 2010, 291, 59–66. [CrossRef] [PubMed]

63. Li, Q.; Wu, Z.; Wang, J.; Jiang, J.; Lin, B. An EMT-Based Gene Signature Enhances the Clinical Understanding and Prognostic
Prediction of Patients with Ovarian Cancers. J. Ovarian Res. 2023, 16, 51. [CrossRef]

64. Pasupulati, A.K.; Nishad, R.; Nakuluri, K.; Motrapu, M. Epithelial–mesenchymal Transition of Glomerular Podocytes: Implica-
tions in Proteinuria. MGM J. Med Sci. 2024, 4, 26–34. [CrossRef]

65. Chirshev, E.; Hojo, N.; Bertucci, A.; Sanderman, L.; Nguyen, A.; Wang, H.; Suzuki, T.; Brito, E.; Martinez, S.R.; Castañón, C.; et al.
Epithelial/Mesenchymal Heterogeneity of High-grade Serous Ovarian Carcinoma Samples Correlates with miRNA Let-7 Levels
and Predicts Tumor Growth and Metastasis. Mol. Oncol. 2020, 14, 2796–2813. [CrossRef]

66. Sohn, M.-H.; Kim, S.I.; Shin, J.-Y.; Kim, H.S.; Chung, H.H.; Kim, J.-W.; Lee, M.; Seo, J.-S. Classification of High-Grade Serous
Ovarian Carcinoma by Epithelial-to-Mesenchymal Transition Signature and Homologous Recombination Repair Genes. Genes
2021, 12, 1103. [CrossRef]

https://doi.org/10.1016/j.matbio.2023.02.004
https://doi.org/10.1038/s41467-021-24315-1
https://doi.org/10.3390/cells11233769
https://doi.org/10.1186/1471-2407-10-94
https://doi.org/10.5603/GP.a2022.0051
https://www.ncbi.nlm.nih.gov/pubmed/35894484
https://doi.org/10.3390/ijms130911705
https://doi.org/10.31557/APJCP.2021.22.2.315
https://www.ncbi.nlm.nih.gov/pubmed/33639643
https://progressinhealthsciences.publisherspanel.com/article/01.3001.0012.1329/en
https://progressinhealthsciences.publisherspanel.com/article/01.3001.0012.1329/en
https://doi.org/10.2147/CMAR.S179189
https://doi.org/10.3389/fimmu.2021.692360
https://doi.org/10.1038/s41598-020-75536-1
https://doi.org/10.1016/j.semcancer.2022.03.028
https://doi.org/10.1155/2010/426956
https://doi.org/10.1038/bjc.2012.49
https://doi.org/10.3390/ijms23052642
https://www.ncbi.nlm.nih.gov/pubmed/35269786
https://doi.org/10.3390/ijms21249492
https://doi.org/10.1016/j.yexcr.2023.113851
https://doi.org/10.1038/s41598-021-02400-1
https://www.ncbi.nlm.nih.gov/pubmed/34824343
https://doi.org/10.3389/fendo.2021.772349
https://doi.org/10.1016/j.canlet.2009.09.017
https://www.ncbi.nlm.nih.gov/pubmed/19880243
https://doi.org/10.1186/s13048-023-01132-2
https://doi.org/10.5005/jp-journals-10036-1133
https://doi.org/10.1002/1878-0261.12762
https://doi.org/10.3390/genes12071103


Int. J. Mol. Sci. 2025, 26, 4041 26 of 30

67. Jie, X.-X.; Zhang, M.; Du, M.; Cai, Q.-Q.; Cong, Q.; Xu, C.-J.; Zhang, X.-Y. Detection of Circulating Tumor Cells and Evaluation of
Epithelial-Mesenchymal Transition Patterns of Circulating Tumor Cells in Ovarian Cancer. Transl. Cancer Res. 2022, 11, 2636–2646.
[CrossRef]

68. Xie, W.; Yu, J.; Yin, Y.; Zhang, X.; Zheng, X.; Wang, X. OCT4 Induces EMT and Promotes Ovarian Cancer Progression by Regulating
the PI3K/AKT/mTOR Pathway. Front. Oncol. 2022, 12, 876257. [CrossRef]

69. Xu, J.; Fang, Y.; Chen, K.; Li, S.; Tang, S.; Ren, Y.; Cen, Y.; Fei, W.; Zhang, B.; Shen, Y.; et al. Single-Cell RNA Sequencing Reveals
the Tissue Architecture in Human High-Grade Serous Ovarian Cancer. Clin. Cancer Res. 2022, 28, 3590–3602. [CrossRef] [PubMed]

70. Yakubovich, E.; Cook, D.P.; Rodriguez, G.M.; Vanderhyden, B.C. Mesenchymal Ovarian Cancer Cells Promote CD8+ T Cell
Exhaustion through the LGALS3-LAG3 Axis. npj Syst. Biol. Appl. 2023, 9, 61. [CrossRef]

71. Deng, Y.; Tan, Y.; Zhou, D.; Bai, Y.; Cao, T.; Zhong, C.; Huang, W.; Ou, Y.; Guo, L.; Liu, Q.; et al. Single-Cell RNA-Sequencing Atlas
Reveals the Tumor Microenvironment of Metastatic High-Grade Serous Ovarian Carcinoma. Front. Immunol. 2022, 13, 923194.
[CrossRef] [PubMed]

72. Teeuwssen, M.; Fodde, R. Wnt Signaling in Ovarian Cancer Stemness, EMT, and Therapy Resistance. J. Clin. Med. 2019, 8, 1658.
[CrossRef] [PubMed]

73. Nguyen, V.H.L.; Hough, R.; Bernaudo, S.; Peng, C. Wnt/β-Catenin Signalling in Ovarian Cancer: Insights into Its Hyperactivation
and Function in Tumorigenesis. J. Ovarian Res. 2019, 12, 122. [CrossRef]

74. Lin, L.H.; Zamuco, R.D.; Shukla, P.S. Ovarian Clear Cell Carcinoma and Markers of Epithelial-Mesenchymal Transition (EMT):
Immunohistochemical Characterization of Tumor Budding. Int. J. Gynecol. Pathol. 2023, 42, 602–612. [CrossRef]

75. Kuroda, Y.; Chiyoda, T.; Kawaida, M.; Nakamura, K.; Aimono, E.; Yoshimura, T.; Takahashi, M.; Saotome, K.; Yoshihama, T.;
Iwasa, N.; et al. ARID1A Mutation/ARID1A Loss Is Associated with a High Immunogenic Profile in Clear Cell Ovarian Cancer.
Gynecol. Oncol. 2021, 162, 679–685. [CrossRef]

76. Xu, S.; Zhu, C.; Xu, Q.; An, Z.; Xu, S.; Xuan, G.; Lin, C.; Tang, C. ARID1A Restrains EMT and Stemness of Ovarian Cancer Cells
through the Hippo Pathway. Int. J. Oncol. 2024, 65, 76. [CrossRef]

77. Katagiri, A.; Nakayama, K.; Rahman, M.T.; Rahman, M.; Katagiri, H.; Nakayama, N.; Ishikawa, M.; Ishibashi, T.; Iida, K.;
Kobayashi, H.; et al. Loss of ARID1A Expression Is Related to Shorter Progression-Free Survival and Chemoresistance in Ovarian
Clear Cell Carcinoma. Mod. Pathol. 2012, 25, 282–288. [CrossRef] [PubMed]

78. Ho, G.Y.; Kyran, E.L.; Bedo, J.; Wakefield, M.J.; Ennis, D.P.; Mirza, H.B.; Vandenberg, C.J.; Lieschke, E.; Farrell, A.; Hadla, A.; et al.
Epithelial-to-Mesenchymal Transition Supports Ovarian Carcinosarcoma Tumorigenesis and Confers Sensitivity to Microtubule
Targeting with Eribulin. Cancer Res. 2022, 82, 4457–4473. [CrossRef] [PubMed]

79. Huang, Y.; Hong, W.; Wei, X. The Molecular Mechanisms and Therapeutic Strategies of EMT in Tumor Progression and Metastasis.
J. Hematol. Oncol. 2022, 15, 129. [CrossRef]

80. Haslehurst, A.M.; Koti, M.; Dharsee, M.; Nuin, P.; Evans, K.; Geraci, J.; Childs, T.; Chen, J.; Li, J.; Weberpals, J.; et al. EMT
Transcription Factors Snail and Slug Directly Contribute to Cisplatin Resistance in Ovarian Cancer. BMC Cancer 2012, 12, 91.
[CrossRef] [PubMed]

81. Suzuki, T.; Conant, A.; Curow, C.; Alexander, A.; Ioffe, Y.; Unternaehrer, J.J. Role of Epithelial-Mesenchymal Transition Factor
SNAI1 and Its Targets in Ovarian Cancer Aggressiveness. J. Cancer Metastasis Treat. 2023, 9, 25. [CrossRef]

82. Kielbik, M.; Przygodzka, P.; Szulc-Kielbik, I.; Klink, M. Snail Transcription Factors as Key Regulators of Chemoresistance,
Stemness and Metastasis of Ovarian Cancer Cells. Biochim. Biophys. Acta BBA Rev. Cancer 2023, 1878, 189003. [CrossRef]

83. Chen, Y.; He, Y.; Liu, S. RUNX1-Regulated Signaling Pathways in Ovarian Cancer. Biomedicines 2023, 11, 2357. [CrossRef]
84. Perez-Fidalgo, J.A.; Ortega, B.; Simon, S.; Samartzis, E.P.; Boussios, S. NOTCH Signalling in Ovarian Cancer Angiogenesis. Ann.

Transl. Med. 2020, 8, 1705. [CrossRef]
85. Koutsaki, M.; Libra, M.; Spandidos, D.A.; Zaravinos, A. The miR-200 Family in Ovarian Cancer. Oncotarget 2017, 8, 66629–66640.

[CrossRef]
86. Choi, P.-W.; Ng, S.-W. The Functions of MicroRNA-200 Family in Ovarian Cancer: Beyond Epithelial-Mesenchymal Transition.

Int. J. Mol. Sci. 2017, 18, 1207. [CrossRef]
87. Schweer, D.; McAtee, A.; Neupane, K.; Richards, C.; Ueland, F.; Kolesar, J. Tumor-Associated Macrophages and Ovarian Cancer:

Implications for Therapy. Cancers 2022, 14, 2220. [CrossRef] [PubMed]
88. Zeng, X.-Y.; Xie, H.; Yuan, J.; Jiang, X.-Y.; Yong, J.-H.; Zeng, D.; Dou, Y.-Y.; Xiao, S.-S. M2-like Tumor-Associated Macrophages-

Secreted EGF Promotes Epithelial Ovarian Cancer Metastasis via Activating EGFR-ERK Signaling and Suppressing lncRNA
LIMT Expression. Cancer Biol. Ther. 2019, 20, 956–966. [CrossRef] [PubMed]

89. Wang, S.; Wang, J.; Chen, Z.; Luo, J.; Guo, W.; Sun, L.; Lin, L. Targeting M2-like Tumor-Associated Macrophages Is a Potential
Therapeutic Approach to Overcome Antitumor Drug Resistance. npj Precis. Onc. 2024, 8, 31. [CrossRef]

90. Brauneck, F.; Oliveira-Ferrer, L.; Muschhammer, J.; Sturmheit, T.; Ackermann, C.; Haag, F.; Schulze zur Wiesch, J.; Ding, Y.; Qi,
M.; Hell, L.; et al. Immunosuppressive M2 TAMs Represent a Promising Target Population to Enhance Phagocytosis of Ovarian
Cancer Cells in Vitro. Front. Immunol. 2023, 14, 1250258. [CrossRef] [PubMed]

https://doi.org/10.21037/tcr-22-529
https://doi.org/10.3389/fonc.2022.876257
https://doi.org/10.1158/1078-0432.CCR-22-0296
https://www.ncbi.nlm.nih.gov/pubmed/35675036
https://doi.org/10.1038/s41540-023-00322-4
https://doi.org/10.3389/fimmu.2022.923194
https://www.ncbi.nlm.nih.gov/pubmed/35935940
https://doi.org/10.3390/jcm8101658
https://www.ncbi.nlm.nih.gov/pubmed/31614568
https://doi.org/10.1186/s13048-019-0596-z
https://doi.org/10.1097/PGP.0000000000000936
https://doi.org/10.1016/j.ygyno.2021.07.005
https://doi.org/10.3892/ijo.2024.5664
https://doi.org/10.1038/modpathol.2011.161
https://www.ncbi.nlm.nih.gov/pubmed/22101352
https://doi.org/10.1158/0008-5472.CAN-21-4012
https://www.ncbi.nlm.nih.gov/pubmed/36206301
https://doi.org/10.1186/s13045-022-01347-8
https://doi.org/10.1186/1471-2407-12-91
https://www.ncbi.nlm.nih.gov/pubmed/22429801
https://doi.org/10.20517/2394-4722.2023.34
https://doi.org/10.1016/j.bbcan.2023.189003
https://doi.org/10.3390/biomedicines11092357
https://doi.org/10.21037/atm-20-4497
https://doi.org/10.18632/oncotarget.18343
https://doi.org/10.3390/ijms18061207
https://doi.org/10.3390/cancers14092220
https://www.ncbi.nlm.nih.gov/pubmed/35565348
https://doi.org/10.1080/15384047.2018.1564567
https://www.ncbi.nlm.nih.gov/pubmed/31062668
https://doi.org/10.1038/s41698-024-00522-z
https://doi.org/10.3389/fimmu.2023.1250258
https://www.ncbi.nlm.nih.gov/pubmed/37876933


Int. J. Mol. Sci. 2025, 26, 4041 27 of 30

91. Asem, M.; Young, A.M.; Oyama, C.; Claure De La Zerda, A.; Liu, Y.; Yang, J.; Hilliard, T.S.; Johnson, J.; Harper, E.I.; Guldner, I.;
et al. Host Wnt5a Potentiates Microenvironmental Regulation of Ovarian Cancer Metastasis. Cancer Res. 2020, 80, 1156–1170.
[CrossRef]

92. Abedini, A.; Sayed, C.; Carter, L.E.; Boerboom, D.; Vanderhyden, B.C. Non-Canonical WNT5a Regulates Epithelial-to-
Mesenchymal Transition in the Mouse Ovarian Surface Epithelium. Sci. Rep. 2020, 10, 9695. [CrossRef]

93. Dehghani-Ghobadi, Z.; Sheikh Hasani, S.; Arefian, E.; Hossein, G. Wnt5A and TGFβ1 Converges through YAP1 Activity and
Integrin Alpha v Up-Regulation Promoting Epithelial to Mesenchymal Transition in Ovarian Cancer Cells and Mesothelial Cell
Activation. Cells 2022, 11, 237. [CrossRef]

94. Etzerodt, A.; Moulin, M.; Doktor, T.K.; Delfini, M.; Mossadegh-Keller, N.; Bajenoff, M.; Sieweke, M.H.; Moestrup, S.K.; Auphan-
Anezin, N.; Lawrence, T. Tissue-Resident Macrophages in Omentum Promote Metastatic Spread of Ovarian Cancer. J. Exp. Med.
2020, 217, e20191869. [CrossRef]

95. Zhang, M.; He, Y.; Sun, X.; Li, Q.; Wang, W.; Zhao, A.; Di, W. A high M1/M2 ratio of tumor-associated macrophages is associated
with extended survival in ovarian cancer patients. J. Ovarian Res. 2014, 7, 19. [CrossRef]

96. Reinartz, S.; Schumann, T.; Finkernagel, F.; Wortmann, A.; Jansen, J.M.; Meissner, W.; Krause, M.; Schwörer, A.M.; Wagner, U.;
Müller-Brüsselbach, S.; et al. Mixed-polarization phenotype of ascites-associated macrophages in human ovarian carcinoma:
Correlation of CD163 expression, cytokine levels and early relapse. Int. J. Cancer 2014, 134, 32–42. [CrossRef]

97. Yuan, X.; Zhang, J.; Li, D.; Mao, Y.; Mo, F.; Du, W.; Ma, X. Prognostic significance of tumor-associated macrophages in ovarian
cancer: A meta-analysis. Gynecol. Oncol. 2017, 147, 181–187. [CrossRef] [PubMed]

98. Fanale, D.; Dimino, A.; Pedone, E.; Brando, C.; Corsini, L.R.; Filorizzo, C.; Fiorino, A.; Lisanti, M.C.; Magrin, L.; Randazzo,
U.; et al. Prognostic and Predictive Role of Tumor-Infiltrating Lymphocytes (TILs) in Ovarian Cancer. Cancers 2022, 14, 4344.
[CrossRef] [PubMed]

99. Hudry, D.; Le Guellec, S.; Meignan, S.; Bécourt, S.; Pasquesoone, C.; El Hajj, H.; Martínez-Gómez, C.; Leblanc, É.; Narducci,
F.; Ladoire, S. Tumor-Infiltrating Lymphocytes (TILs) in Epithelial Ovarian Cancer: Heterogeneity, Prognostic Impact, and
Relationship with Immune Checkpoints. Cancers 2022, 14, 5332. [CrossRef] [PubMed]

100. Hwang, W.-T.; Adams, S.F.; Tahirovic, E.; Hagemann, I.S.; Coukos, G. Prognostic Significance of Tumor-Infiltrating T Cells in
Ovarian Cancer: A Meta-Analysis. Gynecol. Oncol. 2012, 124, 192–198. [CrossRef]

101. Sato, E.; Olson, S.H.; Ahn, J.; Bundy, B.; Nishikawa, H.; Qian, F.; Jungbluth, A.A.; Frosina, D.; Gnjatic, S.; Ambrosone, C.; et al.
Intraepithelial CD8+ Tumor-Infiltrating Lymphocytes and a High CD8+/Regulatory T Cell Ratio Are Associated with Favorable
Prognosis in Ovarian Cancer. Proc. Natl. Acad. Sci. USA 2005, 102, 18538–18543. [CrossRef]

102. Ovarian Tumor Tissue Analysis (OTTA) Consortium; Goode, E.L.; Block, M.S.; Kalli, K.R.; Vierkant, R.A.; Chen, W.; Fogarty, Z.C.;
Gentry-Maharaj, A.; Tołoczko, A.; Hein, A.; et al. Dose-Response Association of CD8+ Tumor-Infiltrating Lymphocytes and
Survival Time in High-Grade Serous Ovarian Cancer. JAMA Oncol. 2017, 3, e173290. [CrossRef]

103. Karakaya, Y.A.; Atıgan, A.; Güler, Ö.T.; Demiray, A.G.; Bir, F. The Relation of CD3, CD4, CD8 and PD-1 Expression with Tumor
Type and Prognosis in Epithelial Ovarian Cancers. Ginekol. Pol. 2021, 92, 344–351. [CrossRef]

104. Yang, B.; Li, X.; Zhang, W.; Fan, J.; Zhou, Y.; Li, W.; Yin, J.; Yang, X.; Guo, E.; Li, X.; et al. Spatial heterogeneity of infiltrating T cells
in high-grade serous ovarian cancer revealed by multi-omics analysis. Cell Rep. Med. 2022, 3, 100856. [CrossRef] [PubMed]

105. Yu, L.; Ding, Y.; Wan, T.; Deng, T.; Huang, H.; Liu, J. Significance of CD47 and Its Association With Tumor Immune Microenviron-
ment Heterogeneity in Ovarian Cancer. Front. Immunol. 2021, 13, 768115. [CrossRef]

106. Liu, C.; Wang, D.; Huang, X.; Song, Z.; Ye, L.; Zhou, G. The expression and clinical significance of cytokines Th1, Th2, and Th17 in
ovarian cancer. Am. J. Med. Sci. 2024, 25, 346–353. [CrossRef]

107. Ouyang, P.; Wang, L.; Wu, J.; Tian, Y.; Chen, C.; Li, D.; Yao, Z.; Chen, R.; Xiang, G.; Gong, J.; et al. Overcoming Cold Tumors: A
Combination Strategy of Immune Checkpoint Inhibitors. Front. Immunol. 2024, 15, 1344272. [CrossRef] [PubMed]

108. Wang, M.M.; Coupland, S.E.; Aittokallio, T.; Figueiredo, C.R. Resistance to Immune Checkpoint Therapies by Tumour-Induced
T-Cell Desertification and Exclusion: Key Mechanisms, Prognostication and New Therapeutic Opportunities. Br. J. Cancer 2023,
129, 1212–1224. [CrossRef]

109. Zsiros, E.; Tanyi, J.; Balint, K.; Kandalaft, L.E. Immunotherapy for ovarian cancer. Curr. Opin. Oncol. 2024, 26, 492–500. [CrossRef]
[PubMed]

110. Laumont, C.M.; Wouters, M.C.A.; Smazynski, J.; Gierc, N.S.; Chavez, E.A.; Chong, L.C.; Thornton, S.; Milne, K.; Webb, J.R.; Steidl,
C.; et al. Single-Cell Profiles and Prognostic Impact of Tumor-Infiltrating Lymphocytes Coexpressing CD39, CD103, and PD-1 in
Ovarian Cancer. Clin. Cancer Res. 2021, 27, 4089–4100. [CrossRef] [PubMed]

111. Witt, M.; Oliveira-Ferrer, L.; Koch-Nolte, F.; Menzel, S.; Hell, L.; Sturmheit, T.; Seubert, E.; Weimer, P.; Ding, Y.; Qi, M.; et al.
Expression of CD39 Is Associated with T Cell Exhaustion in Ovarian Cancer and Its Blockade Reverts T Cell Dysfunction.
Oncoimmunology 2024, 13, 2346359. [CrossRef]

https://doi.org/10.1158/0008-5472.CAN-19-1601
https://doi.org/10.1038/s41598-020-66559-9
https://doi.org/10.3390/cells11020237
https://doi.org/10.1084/jem.20191869
https://doi.org/10.1186/1757-2215-7-19
https://doi.org/10.1002/ijc.28335
https://doi.org/10.1016/j.ygyno.2017.07.007
https://www.ncbi.nlm.nih.gov/pubmed/28698008
https://doi.org/10.3390/cancers14184344
https://www.ncbi.nlm.nih.gov/pubmed/36139508
https://doi.org/10.3390/cancers14215332
https://www.ncbi.nlm.nih.gov/pubmed/36358750
https://doi.org/10.1016/j.ygyno.2011.09.039
https://doi.org/10.1073/pnas.0509182102
https://doi.org/10.1001/jamaoncol.2017.3290
https://doi.org/10.5603/GP.a2021.0080
https://doi.org/10.1016/j.xcrm.2022.100856
https://www.ncbi.nlm.nih.gov/pubmed/36543113
https://doi.org/10.3389/fimmu.2021.768115
https://doi.org/10.1016/j.amjms.2024.08.029
https://doi.org/10.3389/fimmu.2024.1344272
https://www.ncbi.nlm.nih.gov/pubmed/38545114
https://doi.org/10.1038/s41416-023-02361-4
https://doi.org/10.1097/CCO.0000000000000111
https://www.ncbi.nlm.nih.gov/pubmed/25036883
https://doi.org/10.1158/1078-0432.CCR-20-4394
https://www.ncbi.nlm.nih.gov/pubmed/33963000
https://doi.org/10.1080/2162402X.2024.2346359


Int. J. Mol. Sci. 2025, 26, 4041 28 of 30

112. Duhen, T.; Duhen, R.; Montler, R.; Moses, J.; Moudgil, T.; de Miranda, N.F.; Goodall, C.P.; Blair, T.C.; Fox, B.A.; McDermott, J.E.;
et al. Co-Expression of CD39 and CD103 Identifies Tumor-Reactive CD8 T Cells in Human Solid Tumors. Nat. Commun. 2018, 9,
2724. [CrossRef]

113. Ye, S.; Chen, W.; Zheng, Y.; Wu, Y.; Xiang, L.; Li, T.; Ping, B.; Zhang, X.; Yang, H. Peripheral lymphocyte populations in ovarian
cancer patients and correlations with clinicopathological features. J. Ovarian Res. 2022, 15, 43. [CrossRef]

114. Zhou, J.; Li, X.; Wu, X.; Zhang, T.; Zhu, Q.; Wang, X.; Wang, H.; Wang, K.; Lin, Y.; Wang, X. Exosomes Released from Tumor-
Associated Macrophages Transfer miRNAs That Induce a Treg/Th17 Cell Imbalance in Epithelial Ovarian Cancer. Cancer Immunol.
Res. 2018, 6, 1578–1592. [CrossRef]

115. Li, Q.; Xiao, X.; Feng, J.; Yan, R.; Xi, J. Machine Learning-Assisted Analysis of Epithelial Mesenchymal Transition Pathway for
Prognostic Stratification and Immune Infiltration Assessment in Ovarian Cancer. Front. Endocrinol. 2023, 14, 1196094. [CrossRef]

116. Govindaraj, C.; Scalzo-Inguanti, K.; Madondo, M.; Hallo, J.; Flanagan, K.; Quinn, M.; Plebanski, M. Impaired Th1 Immunity in
Ovarian Cancer Patients Is Mediated by TNFR2 + Tregs within the Tumor Microenvironment. Clin. Immunol. 2013, 149, 97–110.
[CrossRef]

117. Su, H.; Jin, Y.; Tao, C.; Yang, H.; Yang, E.; Zhang, W.-G.; Feng, F. Th2 Cells Infiltrating High-Grade Serous Ovarian Cancer: A
Feature That May Account for the Poor Prognosis. J. Gynecol. Oncol. 2023, 34, e48. [CrossRef]

118. Kusuda, T.; Shigemasa, K.; Arihiro, K.; Fujii, T.; Nagai, N.; Ohama, K. Relative Expression Levels of Th1 and Th2 Cytokine mRNA
Are Independent Prognostic Factors in Patients with Ovarian Cancer. Oncol. Rep. 2005, 13, 1153–1158. [CrossRef] [PubMed]

119. Bilska, M.; Pawłowska, A.; Zakrzewska, E.; Chudzik, A.; Suszczyk, D.; Gogacz, M.; Wertel, I. Th17 Cells and IL-17 As Novel
Immune Targets in Ovarian Cancer Therapy. J. Oncol. 2020, 2020, 8797683. [CrossRef] [PubMed]

120. Neuhaus, F.; Lieber, S.; Shinkevich, V.; Steitz, A.M.; Raifer, H.; Roth, K.; Finkernagel, F.; Worzfeld, T.; Burchert, A.; Keber, C.; et al.
Reciprocal Crosstalk between Th17 and Mesothelial Cells Promotes Metastasis-associated Adhesion of Ovarian Cancer Cells.
Clin. Transl. Med. 2024, 14, e1604. [CrossRef]

121. Luo, Y.; Shreeder, B.; Jenkins, J.W.; Shi, H.; Lamichhane, P.; Zhou, K.; Bahr, D.A.; Kurian, S.; Jones, K.A.; Daum, J.I.; et al.
Th17-Inducing Dendritic Cell Vaccines Stimulate Effective CD4 T Cell-Dependent Antitumor Immunity in Ovarian Cancer That
Overcomes Resistance to Immune Checkpoint Blockade. J. Immunother. Cancer 2023, 11, e007661. [CrossRef] [PubMed]
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