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High-grade serous ovarian cancer (HGSOC) is a highly aggressive and deadly 
gynecological cancer, with metastasis being a key factor in its poor prognosis. 
Historically, HGSOC was thought to spread primarily through the peritoneal cavity, 
but recent research has revealed additional routes of metastasis, including the blood 
and lymphatic systems. This review discusses the complex processes of HGSOC 
metastasis, focusing on peritoneal immune suppression, stromal reprogramming, 
and the role of circulating tumor cells in blood-based spread. We also explore 
the clinical significance of lymphatic metastasis, particularly its impact on patient 
outcomes. Gaining insight into molecular and genetic drivers, such as BRCA mutations 
and interactions within the immune microenvironment, is essential for developing 
targeted treatments. Future studies should aim to enhance experimental models, 
identify early detection markers, and investigate novel therapeutic approaches to 
effectively address HGSOC metastasis and improve patient survival.
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1 Introduction

Ovarian cancer (OC) is the deadliest gynecological cancer, with most patients diagnosed 
at a late stage and quickly becoming resistant to chemotherapy, resulting in grim survival rates. 
Epithelial ovarian cancer (EOC) represents approximately 90% of all ovarian cancer cases, and 
it includes various subtypes, such as serous, endometrioid, clear cell, and mucinous subtypes, 
and additional categories. Among these, high-grade serous ovarian cancer (HGSOC) is the 
predominant histological variant and is often diagnosed at a late stage. Among advanced 
HGSOC patients, 80–100% exhibit peritoneal dissemination at the time of diagnosis, with 
frequent distant metastasis to other organs. Notably, metastasis to specific anatomical sites, 
such as the liver, lungs, and brain, is often associated with poorer clinical outcomes. 
Traditionally, OC, especially HGSOC, is thought to spread through the passive release of 
cancer cells into the abdominal cavity, facilitating surface-to-surface spread. However, clinical 
observations reveal that HGSOC follows a more complex metastatic pattern, with 
approximately two-thirds of advanced-stage HGSOC patients experiencing metastasis outside 
the peritoneum, suggesting the involvement of additional metastatic pathways (1). Thus, a 
comprehensive understanding of HGSOC metastasis mechanisms is crucial for improving 
treatment strategies.
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Considering the metastatic pathways of HGSOC, it is essential to 
first address its origin, which remains a topic of ongoing debate. 
Initially, HGSOC was considered to start in the ovaries, but recent 
research over the last 20 years has identified serous tubal 
intraepithelial carcinoma (STIC) in the fallopian tubes as a potential 
precursor. However, pure STIC lesions are rarely observed in sporadic 
HGSOC, and many HGSOC cases do not show STIC lesions, leading 
to alternative hypotheses regarding the tumor’s origin, including 
other cell types, stromal fibroblasts, or even polyploid giant cancer 
cells (2).

In approximately 50% of HGSOC cases, mutations in genes 
related to homologous recombination (HR) repair, including BRCA1 
and BRCA2, result in HR deficiency (3). HGSOC with BRCA 
mutations may have a greater tendency to metastasize to pelvic organs 
and the brain, indicating that genetic factors could play a role in 
determining tumor spread (4). Furthermore, HR deficiency not only 
hinders DNA repair but may also alter the tumor’s immune 
microenvironment, impacting immune surveillance and the ability of 
cancer to metastasize (4). The variation in mutation profiles between 
primary and secondary tumors suggests that the metastatic process 
and tumor progression are influenced by the specific 
microenvironments at different sites, suggesting that metastasis is a 
multifaceted process rather than a straightforward one (5). This review 
critically evaluates the existing evidence on the metastatic routes of 
HGSOC, including the peritoneal, hematogenous, and 
lymphatic pathways.

2 Peritoneal metastasis

For many years, it has been widely believed that ovarian cancer 
spreads primarily by detaching from the original tumor and dispersing 
into the abdominal cavity, with the predominant mode of 
dissemination being transfer from one surface to another (Figure 1). 
Specifically, malignant cells detach from the initial tumor, travel 
through the abdominal space, and then establish themselves in 
different organs and tissues within that area. The fluid flow within the 
peritoneal cavity, typically in a clockwise direction, may influence the 
sites of cancer cell colonization, which explains the higher incidence 
of implantation in the upper right quadrant of the abdomen than in 
the upper left quadrant. For peritoneal dissemination, HGSOC cells 
need to bypass anoikis to embed effectively and penetrate the 
mesothelial lining. However, alternative mechanisms for peritoneal 
spread must also be considered (6).

HGSOC tumors exhibit two distinct morphological patterns in 
patients: type I, characterized by deep infiltration, millet-like lesions, 
and surrounding tissue distortion, and type II, characterized by 
exophytic nodules with a superficial appearance. Each type may 
be associated with different metastatic pathways. A critical element 
impacting the development and expansion of cancer cell groups is the 
existence of a premetastatic environment. This specialized 
microenvironment is typically composed of adipocytes, such as the 
omentum, which is widely recognized as the preferential site for 
HGSOC metastasis via either direct diffusion or hematogenous routes 

FIGURE 1

Three modes of metastasis of HGSOC. Peritoneal metastasis: traditionally, peritoneal metastasis was regarded as the primary pathway for EOC to 
spread. This occurs when ovarian cancer cells are discharged into the abdominal cavity, often facilitated by the presence of ascites. Hematologic 
metastasis: in hematogenous metastasis, EOC cells circulate through the bloodstream, reaching remote sites such as the liver, mesentery, or 
omentum, without involving the peritoneum. Lymphatic metastasis: the dissemination of EOC via the lymphatic system entails cancer cells infiltrating 
lymphatic vessels, moving to lymph nodes, and potentially spreading to other organs once they enter the blood circulation. Following lymph node 
involvement, EOC cells can further propagate through the lymphatic network to additional organs.
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(7). The interactions between adipocytes and cancer cells, along with 
the cytokines secreted by adipocytes, promote the metastasis and 
growth of ovarian cancer cells (7, 8). Additionally, various immune-
related determinants support organ tropism at the premetastatic 
niche, such as macrophages, extracellular vesicles, and particles, all of 
which can influence cancer cell metastasis and the establishment of 
the metastatic niche through multiple mechanisms (8).

The widespread dissemination of ovarian cancer to the parietal 
and visceral peritoneum is one of the most common forms of 
metastasis. Studies have shown that peritoneal mesothelial cells 
(PMCs), which act as a mechanical barrier, can prevent tumor cells 
from adhering to and invading underlying tissues (9, 10). However, 
exosomes secreted by ovarian cancer cells can directly or indirectly 
influence the peritoneum through ascitic fluid, mediating the 
formation of local PMN immune suppression. These immune 
suppression factors alter the vascular state of the tissue, ultimately 
enhancing the adhesion, implantation, invasiveness, and widespread 
peritoneal dissemination of ovarian cancer cells (9, 10).

2.1 Peritoneal local immune cell 
recruitment and dysfunction

Peritoneal immune suppression (PMN) in ovarian cancer is 
characterized by the dysfunction of dendritic cells (DCs), a reduction 
in CD8+ T-cell numbers, an increase in myeloid-derived suppressor 
cells (MDSCs), and alterations in immune cell phenotypes (11, 12). 
Chen et al. (11) reported that DCs in the PMN of ovarian cancer 
patients exhibit excessive activation of the endoplasmic reticulum 
stress factor XBP1, disrupting intracellular lipid homeostasis, which 
impairs their antigen-presenting function and hinders the activation 
and proliferation of tumor-killing T cells. Taki et al. (12) demonstrated 
that ovarian cancer-derived CXCL1 and CXCL2 recruit immune-
suppressive MDSCs from the bone marrow into the peritoneum, 
significantly inhibiting CD8+ T-cell proliferation. Additionally, 
ovarian cancer-secreted exosomes regulate the p53-β-catenin-CCL2 
signaling pathway to induce CCL2 production, which recruits 
macrophages to the peritoneum and promotes their polarization from 
the M1 phenotype to the M2 phenotype, thereby facilitating 
PMN-mediated immune suppression (10).

2.2 Abnormal neovascularization in the 
peritoneum

PMN-associated immune suppression also facilitates cancer cell 
extravasation, adhesion, survival, proliferation, and immune evasion 
through alterations in the vascular environment (13). The formation 
of new blood vessels within the PMN involves the disruption of the 
vascular system, endothelial cell migration, and lumen formation. 
Kakogiannos et al. (14) reported that, compared to healthy controls, 
ovarian cancer patients exhibit the downregulation of junctional 
adhesion molecule-A (JAM-A) and the tight junction protein 
claudin-5  in their blood vessels, which weakens endothelial tight 
junctions and increases vascular permeability. Furthermore, Mezouar 
et al. (15) reported that soluble E-cadherin (sE-cad), which is secreted 
by ovarian cancer cells, stimulates endothelial cell migration to the 
metastatic site to form new blood vessels while increasing vascular 

permeability, which promotes ovarian cancer cell metastasis and 
malignant ascites formation.

2.3 Acquisition of cancer cell invasiveness 
and stem cell properties

The PMN attracts free-floating cancer cells from ascitic fluid and 
circulating tumor cells (CTCs), facilitating their adhesion and 
colonization. Moreover, PMN-induced immune suppression leads to 
enhanced invasiveness and the acquisition of stem-like properties in 
ovarian cancer cells. Ovarian cancer-secreted TGF-β1 induces the 
expression of the cancer-associated fibroblast (CAF) marker 
fibronectin in peritoneal mesothelial cells (PMCs), which facilitates 
the adhesion and colonization of cancer cells. Exosomes secreted by 
ovarian cancer cells carry ETS1, which promotes the M2 polarization 
of peritoneal macrophages, contributing to PMN immune suppression 
(16, 17). Notably, TGF-beta has been shown to enhance cancer cell 
invasiveness by modulating the epithelial-to-mesenchymal transition 
(EMT) pathway (16). Furthermore, recent evidence demonstrates that 
TGF-beta signaling can promote the acquisition of stem-like 
properties in ovarian cancer cells by activating key pathways such as 
SMAD and non-SMAD signaling, which are implicated in stemness 
and drug resistance (17). These exosomes also secrete CXCL5 and 
CCL2, which interact with receptors on tumor cells to accelerate the 
peritoneal metastasis of ovarian cancer (18). Studies have shown that 
ovarian cancer cells adhering to the PMN undergo antiapoptotic 
transformation, shifting to a proliferative state, suppressing apoptosis, 
and promoting the invasion of disseminated cancer cells (19). For 
example, ovarian cancer exosomes carrying miRNA-21 inhibit 
apoptosis and increase proliferation at metastatic sites, thereby 
increasing invasiveness (20). Additionally, tumor cells shed from 
ovarian cancer ascites express several cancer stem cell markers on 
their surface, including CD44, CD54, CD55, CD133, and CD117, with 
significant upregulation of metastasis-related genes (21).

2.4 Inflammation and stromal 
reprogramming in the peritoneum

PMNs also exhibit inflammation and stromal reprogramming, 
both of which are crucial for cancer cell colonization, survival, and 
extensive peritoneal metastasis (22). Under stress, macrophages in the 
PMN release a variety of proinflammatory factors, such as TNF-α, 
MIP-2/CXCL2, MIP-1β/CCL4, CCL2/MCP-1, sICAM-1/CD54, and 
G-CSF, all of which promote tumor activity (23). Gartung et al. (24) 
demonstrated that dual inhibition of cyclooxygenase 2 (COX-2) and 
soluble epoxide hydrolase (sEH) suppresses the release of these 
proinflammatory factors, slows ovarian cancer progression, and 
prolongs patient survival. Additionally, CAFs undergo metabolic 
reprogramming in response to tumor stimuli, with significantly 
increased expression of arachidonic acid metabolic genes, which 
promote the production of inflammatory mediators and reshape the 
tumor PMN (24, 25). Compared to normal fibroblasts, CAFs exhibit 
increased expression of glycolytic metabolic genes, leading to excessive 
lactate production in the PMN. Tumor cells in proximity can directly 
take up lactate to promote growth, which further supports cancer cell 
colonization (25).
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3 Hematogenous metastasis

Unlike the transperitoneal spread of ovarian cancer, the 
mechanisms underlying hematogenous and lymphatic metastasis are 
not yet fully understood, largely owing to the scarcity of suitable 
experimental models (26) and the lack of comprehensive clinical data 
regarding blood and lymphatic spread (Figure 1). As a result, the 
importance of metastasis through the bloodstream might 
be underappreciated. While hematogenous and lymphatic metastases 
seldom cause instant fatality, they are strongly linked to a grim 
prognosis (27). As therapeutic methods improve and survival rates for 
ovarian cancer patients increase, there is a corresponding rise in the 
likelihood of distant metastasis, particularly in patients with longer 
survival times. This is because prolonged survival provides more 
opportunity for cancer cells to disseminate and establish secondary 
tumors (28). Furthermore, ovarian cancer cells can spread through the 
bloodstream, showing a marked inclination toward the omentum 
(29), the most frequent location where ovarian cancer metastasizes. 
These findings indicate that blood-borne dissemination might be a 
crucial mechanism in the development of peritoneal metastasis.

The hematogenous spread has been recognized as clinically 
significant only in recent years. The evidence of retroperitoneal, 
submesothelial, and distant metastases cannot be solely attributed to 
transperitoneal spread (30). The detection of circulating tumor cells 
(CTCs) in the bloodstream of ovarian cancer patients strongly indicates 
the involvement of blood-borne routes in distant metastasis (31). 
Additionally, the role of the lymphatic system in the spread of ovarian 
cancer is recognized in the International Federation of Gynecology and 
Obstetrics (FIGO) staging criteria, with a clear link to unfavorable 
outcomes (32). In epithelial ovarian cancer (EOC), distant metastases, 
such as those to the liver, spleen, lungs, and gastrointestinal tract, often 
indicate a hematogenous mechanism. Even when the peritoneal lining 
over these metastatic sites is undamaged, blood-borne dissemination 
can occur without the need for peritoneal penetration.

Research utilizing syngeneic mouse models has demonstrated that 
EOC cells predominantly spread to the omentum via the bloodstream, 
a process enhanced by specific signaling pathways, such as the ErbB3–
NRG1 axis. These studies highlight the ErbB3/NRG1 signaling pathway 
as a critical mediator of hematogenous metastasis to the omentum (33). 
When CXCR4 expression was reduced, there was a notable decrease in 
the number of circulating ovarian cancer cells, indicating that the SDF1/
CXCR4 pathway might also be involved in blood-borne dissemination 
(33, 34). Furthermore, CTCs are frequently found in the blood of EOC 
patients, suggesting their involvement in hematogenous spread (34). 
Nevertheless, the survival rate of CTCs is low due to challenges such as 
shear stress and difficulties in extravasation, which may limit the 
effectiveness of hematogenous spread compared to direct diffusion (35). 
Importantly, despite the development of various techniques for capturing 
and analyzing CTCs, a combination of antibodies should be used to 
ensure the capture of all CTC types, including those that have undergone 
epithelial-to-mesenchymal transition (EMT), not just those expressing 
epithelial markers, such as vimentin, N-cadherin, and fibronectin.

4 Lymphatic metastasis

Lymphatic metastasis is commonly observed in patients with 
epithelial ovarian cancer (EOC). The ovarian tissue is rich in lymphatic 

vessels, which transport cancer cells to regional lymph nodes, such as 
the para-aortic and paracaval nodes, pelvic iliac nodes, and inguinal 
nodes (Figure  1). These lymph nodes serve as the initial sites of 
lymphatic drainage, although metastasis may also occur in more 
distant lymph nodes, such as those in the mediastinum and 
supraclavicular regions. EOC metastasis through the lymphatic 
system occurs when malignant cells infiltrate lymphatic channels, 
travel to lymph nodes, and possibly spread to remote organs via the 
circulatory system. The exact pathway by which metastatic EOC cells 
reach the bloodstream—directly from the primary tumor or after 
establishing themselves in the lymph nodes—remains uncertain. 
Furthermore, the inherent rhythmic contractions of lymphatic vessels 
contribute to lymphatic fluid movement, potentially facilitating the 
dissemination of cancer cells within the lymphatic network (36).

Several molecular factors have been implicated in ovarian cancer 
lymph node metastasis, including USP7, FAK, and the VEGFC-
VEGFR3 signaling axis, all of which are associated with an increased 
incidence of lymphatic metastasis in ovarian cancer patients (26).

The lymph nodes draining the tumor contain diverse populations 
of immune cells whose interactions with cancer cells may influence 
tumor invasion and colonization. After reaching the sentinel lymph 
node—the first lymph node encountered in the tumor drainage 
pathway—EOC cells are capable of evading immune surveillance 
through various mechanisms (37). These processes encompass the 
variability in tumor antigens, the impairment of T-cell function by 
tumors, and the release of cytokines that suppress immune responses, 
facilitating the successful establishment of cancer cells in the lymph 
nodes. However, the precise mechanisms driving EOC lymphatic 
metastasis remain poorly understood.

Clinical evidence underscores the significant role of the lymphatic 
pathway in HGSOC dissemination, with lymph node-positive patients 
typically experiencing a worse prognosis. Interestingly, compared to 
peritoneal metastasis, spread to pelvic and para-aortic lymph nodes is 
linked with more positive clinical outcomes (28). The presence of 
tumor cells within the lymphatic or blood vessel channels of the 
primary tumor, known as lymphovascular space invasion (LVSI), is 
associated with poor clinical outcomes for ovarian cancer patients 
(26). As the initial phase of cancer cell dissemination into the 
bloodstream or lymphatic system, LVSI signifies a greater likelihood 
of both hematogenous and lymphatic metastasis.

However, clinical data regarding blood and lymphatic spread are 
frequently complicated by multiple elements, as malignant cells may 
spread through multiple pathways simultaneously. Additionally, 
relevant experimental models, such as syngeneic models (38), are 
complex and difficult to implement. Consequently, although the 
processes behind this new metastatic route in ovarian cancer hold 
substantial clinical importance, they continue to be enigmatic and 
difficult to pinpoint.

5 The application of emerging 
techniques in HGSOC metastasis

5.1 Liquid biopsy

Liquid biopsy, a minimally invasive approach to analyzing 
circulating tumor-derived components, has emerged as a 
transformative tool in studying HGSOC metastasis. By detecting 
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circulating tumor DNA (ctDNA), circulating tumor cells (CTCs), 
and exosomes, this technology provides real-time insights into 
tumor dynamics and metastatic progression (39). For instance, 
David et al. demonstrated that ctDNA levels in plasma correlate with 
tumor burden and predict poor prognosis in HGSOC patients, 
particularly in cases of peritoneal metastasis (40). Additionally, 
CTCs expressing CD44 isolated from patients have been shown to 
exhibit chemoresistance and multipotency ex  vivo (41). Recent 
advances in exosome analysis further highlight the role of tumor-
derived exosomes in preparing the metastatic niche (42). A study by 
Chen et  al. revealed that HGSOC exosomes carry 
immunosuppressive miRNAs (e.g., miR-21-3p, miR-125 b-5p, and 
miR-181 d-5p), which reprogram macrophages toward a 
pro-tumorigenic phenotype, facilitating immune evasion in distant 
organs (43). Future directions may focus on integrating multi-
analyte liquid biopsy panels (e.g., combining ctDNA, CTCs, and 
exosomal proteins) to improve sensitivity and specificity in detecting 
occult metastasis.

5.2 3D organoid models

Three-dimensional (3D) organoid models have revolutionized 
the study of tumor metastasis by recapitulating the complex 
architecture and cellular interactions of the tumor 
microenvironment (44). These models, derived from patient tumor 
samples or cell lines, enable researchers to investigate HGSOC 
metastasis mechanisms in a physiologically relevant context (45). 
Recent studies have utilized 3D organoids to simulate peritoneal 
metastasis, a dominant route of HGSOC dissemination (46). These 
models also serve as a platform for high-throughput drug screening 
(47). Furthermore, using an organoid patient-derived model, they 
showed that low sTIMs were significantly associated with an 
increased response to anti-PD-1 treatment, indicating that mast 
cells could represent a novel immune target in HGSOC (48). Future 
advancements may integrate microfluidic systems to dynamically 
model the mechanical stresses encountered during hematogenous 
or lymphatic spread, further bridging the gap between in  vitro 
models and clinical realities.

6 Future directions

Several key areas warrant further investigation. First, there is a 
need for more comprehensive studies on the molecular and genetic 
drivers of metastasis, particularly in the context of ovarian cancer 
mutations, such as BRCA1/2 and homologous recombination 
deficiencies, which may predispose tumors to specific metastatic 
patterns. Moreover, investigating the processes that enable tumors to 
evade the immune system and adapt to various microenvironments is 
essential, as this could reveal new therapeutic targets. Sophisticated 
models, such as 3D organoids and patient-derived xenografts, which 
can mimic the intricate nature of HGSOC metastasis, are vital for 
understanding the interplay between cancer cells and their metastatic 
surroundings. Additionally, the discovery of biomarkers linked to 
early-stage metastasis, especially those that can be identified in blood 
or ascitic fluid, could significantly increase early detection and 
treatment surveillance.

7 Conclusion

In summary, while significant advancements have been made in 
deciphering the metastatic mechanisms of HGSOC, further study is 
still necessary. Further investigations into the genetic, molecular, and 
immunological elements that fuel metastasis, along with the creation 
of novel treatment strategies aimed at these pathways, could enhance 
therapeutic efficacy and increase survival rates for individuals afflicted 
by this aggressive cancer.

Author contributions

MD: Writing – original draft. RY: Writing – review & editing. JJ: 
Conceptualization, Writing – review & editing. JZ: Writing – review 
& editing. JH: Writing – review & editing. JM: Funding acquisition, 
Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This study was 
funded by the Beijing Hospitals Authority’s Ascent Plan (Grant 
number: DFL20221201), the Beijing Hospitals Authority Clinical 
Medicine Development of Special Funding Support (Grant number: 
ZYLX202120), the Beijing Natural Science Foundation (Grant 
number: 7162063), and the Capital Medical University Laboratory for 
Clinical Medicine and Gynecological Tumor Precise Diagnosis and 
Treatment Innovation Studio.

Acknowledgments

We thank every member of the research group for 
their cooperation.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Generative AI statement

The authors declare that no Generative AI was used in the creation 
of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

https://doi.org/10.3389/fmed.2025.1539024
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Deng et al. 10.3389/fmed.2025.1539024

Frontiers in Medicine 06 frontiersin.org

References
 1. Dai W, Zhou J, Chen T. Unraveling the extracellular vesicle network: insights into 

ovarian cancer metastasis and chemoresistance. Mol Cancer. (2024) 23:201. doi: 
10.1186/s12943-024-02103-x

 2. Gallotta V, Palmieri L, Santullo F, Certelli C, Lodoli C, Abatini C, et al. Robotic 
Rectosigmoid resection with totally Intracorporeal colorectal anastomosis (TICA) for 
recurrent ovarian Cancer: a case series and description of the technique. J Person Med. 
(2024) 14:1052. doi: 10.3390/jpm14101052

 3. Deng M, Tang F, Chang X, Liu P, Ji X, Hao M, et al. Immunotherapy for ovarian 
Cancer: disappointing or promising? Mol Pharm. (2024) 21:454–66. doi: 
10.1021/acs.molpharmaceut.3c00986

 4. Rothstein MA. Time to end the use of genetic test results in life insurance 
underwriting. J Law Med Ethics. (2018) 46:794–801. doi: 10.1177/1073110518804243

 5. Campos AD, Weis SM, Cheresh DA. Metastasis is a highly stressful process. Cancer 
Metastasis Rev. (2020) 39:1021–2. doi: 10.1007/s10555-020-09938-y

 6. Bacalbasa N, Balescu I, Diaconu C, Iliescu L, Filipescu A, Pop C, et al. Right upper 
abdominal resections in advanced stage ovarian Cancer. In Vivo. (2020) 34:1487–92. doi: 
10.21873/invivo.11934

 7. Handley KF, Sims TT, Bateman NW, Glassman D, Foster KI, Lee S, et al. Classification 
of high-grade serous ovarian Cancer using tumor morphologic characteristics. JAMA Netw 
Open. (2022) 5:e2236626. doi: 10.1001/jamanetworkopen.2022.36626

 8. Pradeep S, Kim SW, Wu SY, Nishimura M, Chaluvally-Raghavan P, Miyake T, et al. 
Hematogenous metastasis of ovarian cancer: rethinking mode of spread. Cancer Cell. 
(2014) 26:77–91. doi: 10.1016/j.ccr.2014.05.002

 9. Nakamata J, Morimoto H, Baba R, Kokubu K, Miyamoto T. Glucose induces ER 
stress response-mediated peritoneal mesothelial cell death. Acta Histochem Cytochem. 
(2024) 57:7–14. doi: 10.1267/ahc.23-00050

 10. Patras L, Shaashua L, Matei I, Lyden D. Immune determinants of the premetastatic 
niche. Cancer Cell. (2023) 41:546–72. doi: 10.1016/j.ccell.2023.02.018

 11. Taki M, Abiko K, Baba T, Hamanishi J, Yamaguchi K, Murakami R, et al. Snail 
promotes ovarian cancer progression by recruiting myeloid-derived suppressor cells via 
CXCR2 ligand upregulation. Nat Commun. (2018) 9:1685. doi: 
10.1038/s41467-018-03966-7

 12. Song M, Yeku OO, Rafiq S, Purdon T, Dong X, Zhu L, et al. Tumor derived UBR5 
promotes ovarian cancer growth and metastasis through inducing immunosuppressive 
macrophages. Nat Commun. (2020) 11:6298. doi: 10.1038/s41467-020-20140-0

 13. Li K, Shi H, Zhang B, Ou X, Ma Q, Chen Y, et al. Myeloid-derived suppressor cells 
as immunosuppressive regulators and therapeutic targets in cancer. Signal Transduct 
Target Ther. (2021) 6:362. doi: 10.1038/s41392-021-00670-9

 14. Kakogiannos N, Ferrari L, Giampietro C, Scalise AA, Maderna C, Ravà M, et al. 
JAM-A acts via C/EBP-α to promote Claudin-5 expression and enhance endothelial 
barrier function. Circ Res. (2020) 127:1056–73. doi: 10.1161/CIRCRESAHA.120.316742

 15. Mezouar S, Omar Osman I, Melenotte C, Slimani C, Chartier C, Raoult D, et al. 
High concentrations of serum soluble E-cadherin in patients with Q fever. Front Cell 
Infect Microbiol. (2019) 9:219. doi: 10.3389/fcimb.2019.00219

 16. Miller DSJ, Bloxham RD, Jiang M, Gori I, Saunders RE, Das D, et al. The dynamics 
of TGF-β signaling are dictated by receptor trafficking via the ESCRT machinery. Cell 
Rep. (2018) 25:1841–1855.e5. doi: 10.1016/j.celrep.2018.10.056

 17. Chan MW, Huang YW, Hartman-Frey C, Kuo CT, Deatherage D, Qin H, et al. 
Aberrant transforming growth factor beta1 signaling and SMAD4 nuclear translocation 
confer epigenetic repression of ADAM19 in ovarian cancer. Neoplasia (New York, NY). 
(2008) 10:908–IN2. doi: 10.1593/neo.08540

 18. Yasui H, Kajiyama H, Tamauchi S, Suzuki S, Peng Y, Yoshikawa N, et al. CCL2 
secreted from cancer-associated mesothelial cells promotes peritoneal metastasis of 
ovarian cancer cells through the P38-MAPK pathway. Clin Exp Metastasis. (2020) 
37:145–58. doi: 10.1007/s10585-019-09993-y

 19. Huang T, Townsend MK, Dood RL, Sood AK, Tworoger SS. Antihypertensive 
medication use and ovarian cancer survival. Gynecol Oncol. (2021) 163:342–7. doi: 
10.1016/j.ygyno.2021.09.009

 20. Yu L, Xiang L, Feng J, Li B, Zhou Z, Li J, et al. miRNA-21 and miRNA-223 
expression signature as a predictor for lymph node metastasis, distant metastasis and 
survival in kidney renal clear cell carcinoma. J Cancer. (2018) 9:3651–9. doi: 
10.7150/jca.27117

 21. Holmberg R, Robinson M, Gilbert SF, Lujano-Olazaba O, Waters JA, Kogan E, et al. 
TWEAK-Fn14-RelB signaling Cascade promotes stem cell-like features that contribute 
to post-chemotherapy ovarian Cancer relapse. Mol Cancer Res. (2023) 21:170–86. doi: 
10.1158/1541-7786.MCR-22-0486

 22. Zeng H, Hou Y, Zhou X, Lang L, Luo H, Sun Y, et al. Cancer-associated fibroblasts 
facilitate premetastatic niche formation through lncRNA SNHG5-mediated angiogenesis 
and vascular permeability in breast cancer. Theranostics. (2022) 12:7351–70. doi: 
10.7150/thno.74753

 23. Larionova I, Tuguzbaeva G, Ponomaryova A, Stakheyeva M, Cherdyntseva N, 
Pavlov V, et al. Tumor-associated macrophages in human breast, colorectal, lung, 

ovarian and prostate cancers. Front Oncol. (2020) 10:566511. doi: 
10.3389/fonc.2020.566511

 24. Gartung A, Yang J, Sukhatme VP, Bielenberg DR, Fernandes D, Chang J, et al. 
Suppression of chemotherapy-induced cytokine/lipid mediator surge and ovarian cancer 
by a dual COX-2/sEH inhibitor. Proc Natl Acad Sci USA. (2019) 116:1698–703. doi: 
10.1073/pnas.1803999116

 25. Han X, Zhu Y, Ke J, Zhai Y, Huang M, Zhang X, et al. Progression of m6A in the 
tumor microenvironment: hypoxia, immune and metabolic reprogramming. Cell Death 
Dis. (2024) 10:331. doi: 10.1038/s41420-024-02092-2

 26. Yue H, Wang J, Chen R, Hou X, Li J, Lu X. Gene signature characteristic of elevated 
stromal infiltration and activation is associated with increased risk of hematogenous and 
lymphatic metastasis in serous ovarian cancer. BMC Cancer. (2019) 19:1266. doi: 
10.1186/s12885-019-6470-y

 27. Li T, Zhang W, Niu M, Wu Y, Deng X, Zhou J. STING agonist inflames the cervical 
cancer immune microenvironment and overcomes anti-PD-1 therapy resistance. Front 
Immunol. (2024) 15:1342647. doi: 10.3389/fimmu.2024.1342647

 28. Matsuo K, Sheridan TB, Yoshino K, Miyake T, Hew KE, Im DD, et al. Significance 
of lymphovascular space invasion in epithelial ovarian cancer. Cancer Med. (2012) 
1:156–64. doi: 10.1002/cam4.31

 29. Pearce OMT, Delaine-Smith RM, Maniati E, Nichols S, Wang J, Böhm S, et al. 
Deconstruction of a metastatic tumor microenvironment reveals a common matrix response 
in human cancers. Cancer Discov. (2018) 8:304–19. doi: 10.1158/2159-8290.CD-17-0284

 30. Chen YA, Ho CL, Ku MT, Hwu L, Lu CH, Chiu SJ, et al. Detection of cancer stem 
cells by EMT-specific biomarker-based peptide ligands. Sci Rep. (2021) 11:22430. doi: 
10.1038/s41598-021-01138-0

 31. Stucky A, Viet CT, Aouizerat BE, Ye Y, Doan C, Mundluru T, et al. Single-cell 
molecular profiling of head and neck squamous cell carcinoma reveals five dysregulated 
signaling pathways associated with circulating tumor cells. Cancer Control. (2024) 
31:10732748241251571. doi: 10.1177/10732748241251571

 32. Nakamura K, Terai Y, Tanabe A, Ono YJ, Hayashi M, Maeda K, et al. CD24 
expression is a marker for predicting clinical outcome and regulates the epithelial-
mesenchymal transition in ovarian cancer via both the Akt and ERK pathways. Oncol 
Rep. (2017) 37:3189–200. doi: 10.3892/or.2017.5583

 33. Wandinger SK, Lahortiga I, Jacobs K, Klammer M, Jordan N, Elschenbroich S, 
et al. Quantitative Phosphoproteomics analysis of ERBB3/ERBB4 signaling. PLoS One. 
(2016) 11:e0146100. doi: 10.1371/journal.pone.0146100

 34. Rhodes LV, Antoon JW, Muir SE, Elliott S, Beckman BS, Burow ME. Effects of human 
mesenchymal stem cells on ER-positive human breast carcinoma cells mediated through 
ER-SDF-1/CXCR4 crosstalk. Mol Cancer. (2010) 9:295. doi: 10.1186/1476-4598-9-295

 35. Vasilaki D, Bakopoulou A, Tsouknidas A, Johnstone E, Michalakis K. Biophysical 
interactions between components of the tumor microenvironment promote metastasis. 
Biophys Rev. (2021) 13:339–57. doi: 10.1007/s12551-021-00811-y

 36. Huang XD, Chen K, Shi L, Luo YS, Ou-Yang Y, Li JY, et al. Construction of refined 
staging classification systems integrating FIGO/T-categories and corpus uterine invasion 
for non-metastatic cervical cancer. Cancer Med. (2023) 12:15079–89. doi: 
10.1002/cam4.6179

 37. van Pul KM, Vuylsteke RJCLM, van de Ven R, Te Velde EA, Rutgers EJT, van den 
Tol PM, et al. Selectively hampered activation of lymph node-resident dendritic cells 
precedes profound T cell suppression and metastatic spread in the breast cancer sentinel 
lymph node. J Immunother Cancer. (2019) 7:133. doi: 10.1186/s40425-019-0605-1

 38. Pérez-Guijarro E, Yang HH, Araya RE, El Meskini R, Michael HT, Vodnala SK, 
et al. Multimodel preclinical platform predicts clinical response of melanoma to 
immunotherapy. Nat Med. (2020) 26:781–91. doi: 10.1038/s41591-020-0818-3

 39. Jin D, Khan NU, Gu W, Lei H, Goel A, Chen T. Informatics strategies for early 
detection and risk mitigation in pancreatic cancer patients. Neoplasia. (2025) 60:101129. 
doi: 10.1016/j.neo.2025.101129

 40. Wang X, Yung MMH, Sharma R, Chen F, Poon YT, Lam WY, et al. Epigenetic 
silencing of miR-33b promotes peritoneal metastases of ovarian Cancer by modulating 
the TAK1/FASN/CPT1A/NF-κB Axis. Cancers (Basel). (2021) 13:4795. doi: 
10.3390/cancers13194795

 41. Otaegi-Ugartemendia M, Matheu A, Carrasco-Garcia E. Impact of Cancer stem 
cells on therapy resistance in gastric Cancer. Cancers (Basel). (2022) 14:1457. doi: 
10.3390/cancers14061457

 42. Agrawal P, Olgun G, Singh A, Gopalan V, Hannenhalli S. Characterizing the pan-
cancer role of exosomal miRNAs in metastasis across cancers. Comput Struct Biotechnol 
J. (2024) 27:252–64. doi: 10.1016/j.csbj.2024.12.025

 43. Chen X, Zhou J, Li X, Wang X, Lin Y, Wang X. Exosomes derived from hypoxic 
epithelial ovarian Cancer cells deliver Micrornas to macrophages and elicit a tumor-
promoted phenotype. Cancer Lett. (2018) 435:80–91. doi: 10.1016/j.canlet.2018.08.001

 44. Tan S, Deng J, Deng H, Lu L, Qin Z, Liu Y, et al. Global cluster analysis and 
network visualization in organoids in cancer research: a scientometric mapping from 
1991 to 2021. Front Oncol. (2023) 13:1253573. doi: 10.3389/fonc.2023.1253573

https://doi.org/10.3389/fmed.2025.1539024
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1186/s12943-024-02103-x
https://doi.org/10.3390/jpm14101052
https://doi.org/10.1021/acs.molpharmaceut.3c00986
https://doi.org/10.1177/1073110518804243
https://doi.org/10.1007/s10555-020-09938-y
https://doi.org/10.21873/invivo.11934
https://doi.org/10.1001/jamanetworkopen.2022.36626
https://doi.org/10.1016/j.ccr.2014.05.002
https://doi.org/10.1267/ahc.23-00050
https://doi.org/10.1016/j.ccell.2023.02.018
https://doi.org/10.1038/s41467-018-03966-7
https://doi.org/10.1038/s41467-020-20140-0
https://doi.org/10.1038/s41392-021-00670-9
https://doi.org/10.1161/CIRCRESAHA.120.316742
https://doi.org/10.3389/fcimb.2019.00219
https://doi.org/10.1016/j.celrep.2018.10.056
https://doi.org/10.1593/neo.08540
https://doi.org/10.1007/s10585-019-09993-y
https://doi.org/10.1016/j.ygyno.2021.09.009
https://doi.org/10.7150/jca.27117
https://doi.org/10.1158/1541-7786.MCR-22-0486
https://doi.org/10.7150/thno.74753
https://doi.org/10.3389/fonc.2020.566511
https://doi.org/10.1073/pnas.1803999116
https://doi.org/10.1038/s41420-024-02092-2
https://doi.org/10.1186/s12885-019-6470-y
https://doi.org/10.3389/fimmu.2024.1342647
https://doi.org/10.1002/cam4.31
https://doi.org/10.1158/2159-8290.CD-17-0284
https://doi.org/10.1038/s41598-021-01138-0
https://doi.org/10.1177/10732748241251571
https://doi.org/10.3892/or.2017.5583
https://doi.org/10.1371/journal.pone.0146100
https://doi.org/10.1186/1476-4598-9-295
https://doi.org/10.1007/s12551-021-00811-y
https://doi.org/10.1002/cam4.6179
https://doi.org/10.1186/s40425-019-0605-1
https://doi.org/10.1038/s41591-020-0818-3
https://doi.org/10.1016/j.neo.2025.101129
https://doi.org/10.3390/cancers13194795
https://doi.org/10.3390/cancers14061457
https://doi.org/10.1016/j.csbj.2024.12.025
https://doi.org/10.1016/j.canlet.2018.08.001
https://doi.org/10.3389/fonc.2023.1253573


Deng et al. 10.3389/fmed.2025.1539024

Frontiers in Medicine 07 frontiersin.org

 45. Van Biljon L, Fashemi B, Rodriguez J, Graham O, Compadre A, Fuh K, et al. 
Visualizing DNA damage repair proteins in patient-derived ovarian Cancer organoids 
via immunofluorescence assays. J Vis Exp. (2023) 192:64881. doi: 10.3791/64881

 46. Horst EN, Bregenzer ME, Mehta P, Snyder CS, Repetto T, Yang-Hartwich Y, 
et al. Personalized models of heterogeneous 3D epithelial tumor microenvironments: 
ovarian cancer as a model. Acta Biomater. (2021) 132:401–20. doi: 10.1016/j.actbio. 
2021.04.041

 47. Wei J, Sun Y, Wang H, Zhu T, Li L, Zhou Y, et al. Designer cellular spheroids with DNA 
origami for drug screening. Sci Adv. (2024) 10:eado9880. doi: 10.1126/sciadv.ado9880

 48. James NE, Woodman M, De La Cruz P, Eurich K, Ozsoy MA, Schorl C, et al. 
Adaptive transcriptomic and immune infiltrate responses in the tumor immune 
microenvironment following neoadjuvant chemotherapy in high grade serous ovarian 
cancer reveal novel prognostic associations and activation of pro-tumorigenic pathways. 
Front Immunol. (2022) 13:965331. doi: 10.3389/fimmu.2022.965331

https://doi.org/10.3389/fmed.2025.1539024
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.3791/64881
https://doi.org/10.1016/j.actbio.2021.04.041
https://doi.org/10.1016/j.actbio.2021.04.041
https://doi.org/10.1126/sciadv.ado9880
https://doi.org/10.3389/fimmu.2022.965331

	The silent spread: exploring diverse metastatic pathways in high-grade serous ovarian cancer
	1 Introduction
	2 Peritoneal metastasis
	2.1 Peritoneal local immune cell recruitment and dysfunction
	2.2 Abnormal neovascularization in the peritoneum
	2.3 Acquisition of cancer cell invasiveness and stem cell properties
	2.4 Inflammation and stromal reprogramming in the peritoneum

	3 Hematogenous metastasis
	4 Lymphatic metastasis
	5 The application of emerging techniques in HGSOC metastasis
	5.1 Liquid biopsy
	5.2 3D organoid models

	6 Future directions
	7 Conclusion

	References

