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The occurrence of ovarian cancer (OC) is a major factor in women’s mortality

rates. Despite progress in medical treatments, like new drugs targeting

homologous recombination deficiency, survival rates for OC patients are still

not ideal. The tumor microenvironment (TME) includes cancer cells, fibroblasts

linked to cancer (CAFs), immune-inflammatory cells, and the substances these

cells secrete, along with non-cellular components in the extracellular matrix

(ECM). First, the TMEmainly plays a role in inhibiting tumor growth and protecting

normal cell survival. As tumors progress, the TME gradually becomes a place to

promote tumor cell progression. Immune cells in the TME have attracted much

attention as targets for immunotherapy. Immune checkpoint inhibitor (ICI)

therapy has the potential to regulate the TME, suppressing factors that

facilitate tumor advancement, reactivating immune cells, managing tumor

growth, and extending the survival of patients with advanced cancer. This

review presents an outline of current studies on the distinct cellular elements

within the OC TME, detailing their main functions and possible signaling

pathways. Additionally, we examine immunotherapy rechallenge in OC, with a

specific emphasis on the biological reasons behind resistance to ICIs.
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1 Introduction

Ovarian cancer (OC) is a prevalent form of gynecological cancer,

recognized for its aggressive nature and tendency to metastasize (1). Its

atypical presentation poses challenges for early detection and

treatment, with approximately three-quarters of OC cases diagnosed

at an advanced stage (2). OC includes various types, including epithelial

tumors, sex cord stromal tumors, germ cell tumors, unclassified types,

and metastatic secondary tumors, with epithelial ovarian cancer (EOC)

accounting for over 95% of cases (3). EOC comprises diverse

histological types, grades, and molecular profiles, primarily classified

into type I and type II. Type I OC typically includes endometrioid

carcinoma, low-grade serous carcinoma, clear cell carcinoma, and

mucinous carcinoma, often arising from atypical proliferative

(borderline) tumors (4). Type I OC is associated with mutations in

genes such as K-Ras and PTEN, tends to present at early stages, exhibits

slow growth, and carries a favorable prognosis. Conversely, type II OC

originates from serous intraepithelial carcinoma of the fallopian tube,

featuring high-grade serous carcinoma (HGSC), carcinosarcoma, and

undifferentiated carcinoma subtypes (5). Research indicates that

inflammation and endometriosis stemming from repeated ovarian

cycles contribute to the development of type II OC. This type is

frequently linked to mutations in the p53 and BRCA genes, HER2

overexpression, and is often diagnosed late, leading to a poor prognosis.

It tends to be highly invasive and carries a high mortality rate (6).

Currently, the primary approach to treating OC involves surgical

resection alongside systemic radiotherapy and chemotherapy (7).

In recent years, increased understanding of tumor immunity has led

to the recognition of immunotherapy as a promising therapeutic

option (8, 9). Despite the effectiveness of many treatments in

managing OC, the disease still exhibits high rates of recurrence and

low survival rates, underscoring the need for the development of new

or enhanced therapeutic strategies.Tumor development is a complex

process that unfolds in multiple stages. The tumor microenvironment

(TME) plays a crucial role in facilitating the uncontrolled survival and

growth of tumor cells, from initial carcinogenesis to fully developed

cancer. Comprising various cell types and their driver molecules, such

as immune cells, interstitial cells, endothelial cells, adipocytes,

extracellular matrix, cytokines, and chemokines, the TME

orchestrates diverse intracellular signaling pathways (10). Recent

investigations underscore the significance of both the primary site

TME and the microenvironment formed by distant metastasis in

driving tumor proliferation, metastasis, invasion, drug resistance, and

the preservation of tumor cell stemness (11). Immune checkpoints

(ICs) are molecules expressed on immune cells that modulate immune

system activation. Immune checkpoint inhibitors (ICIs) act by blocking

the interaction between ICs and their ligands; thus, preventing T

lymphocyte inactivation and exerting an anti-tumor effect.

In the past two decades, targeting the TME has become a key

therapeutic strategy for solid tumors (12). The first successful pathway

involved the programmed death 1 (PD-1)/programmed death ligand 1

(PD-L1) and cytotoxic T lymphocyte-associated protein 4 (CTLA-4)

pathways, which are key mediators through which cancer cells evade

antitumor T-cell-mediated cytotoxicity (13). Immune checkpoint

inhibitors (ICIs) targeting PD-1/PD-L1 and CTLA-4 were the earliest

developed, showing remarkable benefits in specific patients and
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revolutionizing the treatment landscape for numerous cancers (14).

While these ICIs were also trialed in OC patients, phase III trials

demonstrated that ICIs, either as monotherapy or combined with

chemotherapy, did not yield statistically significant survival advantages

(15, 16). The strong immunosuppressive environment and the number

of participants involved in the OC TME are likely reasons for these

disappointing results. Current data suggests that targeting the OC TME

remains a challenging endeavor. However, within the context of the

OC TME, concentrating solely on T cell activity and the PD-1/PD-L1

pathway might be overly restrictive. Achieving a broader

characterization and a more thorough comprehension of the intricate

interactions between OC tumor cells and their microenvironment is

imperative to altering this trend.

This review summarized the related studies of different cell

populations that combined the TME and immunotherapy challenge

in OC.
2 Overview of the TME

The TME is the cellular milieu in which neoplastic cells or cancer

stem cells reside. These include the blood vessels surrounding tumor

cells, immune cells, other nontumor cells, the extracellular matrix,

and signaling molecules (17, 18). The interactions between these

components and tumor cells have a significant impact on tumor

progression (19, 20). The TME consists of cancer cells, the

extracellular matrix (ECM), cancer-associated fibroblasts (CAFs), a

complex network of blood vessels, and diverse immune cells,

including T-cells, B-cells, and cells linked to tumor progression

(TACs). Cancer cells recruit and activate immune cells and stromal

components, like lymphocytes, tumor-associated macrophages

(TAMs), natural killer (NK) cells, dendritic cells (DCs), tumor-

associated neutrophils (TANs), and myeloid-derived suppressor

cells (MDSCs) (21–23), collectively establishing an anti-tumor

inflammatory microenvironment during early tumor colonization

or expansion; thus, impeding tumor growth (24, 25). However,

prolonged exposure to tumor antigens and immune activation can

deplete or alter effector cells, resulting in an immunosuppressive

microenvironment that fosters tumor aggressiveness (26, 27). Given

that the key cellular components sustaining this immunosuppressive

microenvironment also exhibit anti-cancer properties during the

initial tumor phases, they represent potential intervention targets.

Figure 1 illustrates the cellular constituents within the TME.

CAFs are significant components of the tumor stroma and are

primarily distributed in the perivascular or tumor peripheral fibrous

mesenchyme (28, 29). CAFs produce cytokines, ECM components,

and associated enzymes (30, 31). The ECM offers structural support

to TME cells and plays a crucial role in cellular adhesion and

infiltration (32, 33). ECM deposition leads to the creation of a dense

fibrous mesenchyme enveloping the tumor, making the tumor

tissue stiffer and more brittle than normal tissue. The buildup of

ECM results in the formation of a dense fibrous mesenchyme

encircling the tumor, increasing its stiffness and fragility

compared to normal tissue. This forms a physical barrier

hindering immune cell penetration and obstructing the efficient

delivery of anti-cancer drugs to the TME. CAFs produce matrix
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metalloproteinases that can modify the ECM and release

chemokines, growth factors, and proangiogenic factors, thereby

facilitating the malignant transformation of tumors (34–36). Due

to the rapid growth of tumors and irregular blood flow patterns,

tumors often face inadequate blood supply, leading to prolonged

oxygen deprivation. Consequently, the tumor environment

becomes acidic due to metabolic processes generating lactate and

hydrogen ions. Vascular abnormalities and metabolic imbalances

trigger signaling cascades, fostering the development of an

immunosuppressive TME. This environment is infiltrated by

diverse immune cells, including CD8+ or cytotoxic T

lymphocytes (CTLs), crucial for tumor elimination. While CD8+

or cytotoxic T lymphocytes (CTLs) target tumor cells for

destruction, regulatory T cells (Tregs) suppress the activity of

effector T cells and promote immunosuppression within the TME

(37–39). M1-type macrophages typically release Th1 cytokines,

exerting pro-inflammatory and anti-tumor effects (40, 41).

However, TAMs in the TME predominantly exhibit the M2

subtype and can induce angiogenesis and tumor invasion by

secreting Th2 cytokines (42, 43). NK cells can eliminate target

cells through the release of granzymes and perforin or by facilitating

antibody-dependent cytotoxicity via their Fc receptors (44, 45).

Nevertheless, the killing activity of T cells is hindered by the

accumulation of TGF-b in the TME, and the antigen-presenting

function of DCs is impaired by the hypoxic and inflammatory

conditions of the TME (46, 47). Additionally, MDSCs, acting as
Frontiers in Immunology 03
negative immune regulators within the TME, suppress T-cell

activation and the functions of various immune cells (48, 49).
3 The characteristics of the TME
in OC

The participation of the TME is pivotal in the advancement and

dissemination of OC. Substances released within the OC TME

interact with tumor cells, facilitating their invasion and metastasis

(50). Moreover, the TME holds potential as both a diagnostic

biomarker and a target for therapeutic intervention in OC (51).

Research has indicated that CAFs stimulate the elevation of pyruvate

dehydrogenase kinase 1 (PDK1) expression in cancer cells through

proteins secreted within the TME. PDK1 regulates metabolism and

enhances cellular adhesion, migration, invasion, angiogenesis, and

anchorage-independent growth of OC cells. This, in turn, leads to

tumor invasion and migration (52). TAMs often infiltrate ascites

from patients with advanced OC. The overexpression of TAMs has

been linked to a negative prognosis for patients with tumors.

Research findings suggest that TAMs boost tumor angiogenesis by

secreting factors such as vascular endothelial growth factor (VEGF),

tumor growth factor-b (TGF-b), matrix metalloproteinases, hypoxia-

inducible factors, and adrenomedullin (53). TAMs also release

growth factors that facilitate the growth and early metastasis of OC

(54). Additionally, TAMs contribute to an immunosuppressive
FIGURE 1

The cell com ponents in the tumor microenvironment (TME). The TME is mainly composed of cancer cells, immune cells, and stromal cells. These
cells interact with receptors such as the molecules they secrete, histocompatibility complex (MHC) molecules, programmed cell death protein-1
(PD-1), and others to form an evolutionary microenvironment. The figure was generated by Biorender.com. TAMs, tumor-associated macrophages;
DCs, dendritic cells; MDSCs, myeloid-derived suppressor cells; CAFs, cancer-associated fibroblasts.
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microenvironment by releasing modulators that affect T-cells,

thereby aiding tumor immune evasion (55). The interplay between

the TME and tumor cells regulates the initiation, progression, and

metastasis of OC. Some TME factors can influence how OC patients

respond to treatment. Studies have shown that altering the TME can

improve the efficacy of OC chemotherapy (56, 57). However,

immune effector cells within the TME face inhibition not only

from tumor cells but also from regulatory T cells (Tregs),

immature DCs, MDSCs, and TAMs. This fosters an

immunosuppressive microenvironment conducive to immune

evasion (58, 59). The TIME can impact the development of OC

cells. Both immune and targeted therapies against the TIME have

shown promising results. Additionally, reversing the suppressive

immune microenvironment in combination with antiangiogenic

therapeutic regimens holds promise as a potential treatment for

recurrent ovarian epithelial cancers (60, 61). The TIME could

influence the development and progression of OC, which can

ultimately affect patient survival.
4 The biological roles and functions of
different immune cells in OC

4.1 TAMs

TAMs constitute a specific subset of macrophages crucial for

shaping the TME. TAMs are commonly present in various tumor

types and exhibit pro-tumorigenic activities, significantly

influencing angiogenesis, metastasis, drug resistance, and anti-

tumor immune suppression (62). Macrophages have the ability to

polarize into two distinct activation states known as classical

activation (M1 phenotype) and alternative activation (M2

phenotype) (63–65). M1 TAMs, also known as inflammatory

macrophages, are stimulated by factors like IFN-g, TNF-a, and
lipopolysaccharide (LPS). They secrete pro-inflammatory cytokines

such as TNF-a, IL-1b, IL-12, IL-18, and nitric oxide, exerting

phagocytic and cytotoxic effects on target cells (66). Additionally,

M1-like TAMs exhibit increased expression of MHC-II, CD68,

CD80, and CD86 co-stimulatory markers. Conversely, M2-like

TAMs, also known as macrophages with anti-inflammatory

properties, are primarily induced by cytokines like IL-4, IL-13,

CSF-1, IL-10, and TGF-b. M2-type TAMs produce anti-

inflammatory mediators such as IL-10 and TGF-b, participate in

type II immune responses, and promote tumor angiogenesis,

proliferation, invasion, and metastasis. Phenotypically, M2-type

TAMs express surface markers like CD206, CD163, and Arg1

(67). Parayatha et al. demonstrated the specific localization of

TAMs within the peritoneal cavity of mice bearing homozygous

ID8-VEGF ovarian carcinoma using nanoparticles composed of

hyaluronic acid and encapsulating miR-125b (HA-PEI-miR-125b).

This resulted in the repolarization of macrophages towards an

immune-activated phenotype. Combining intraperitoneal

injection of paclitaxel with HA-PEI-miR-125b nanoparticles

augmented the anti-tumor efficacy of paclitaxel during late-stage

disease progression. The study findings suggest that HA-PEI-miR-

125b nanoparticles are well-tolerated and warrant further
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correlation between the expression level of CTHRC1 and the

degree of endosomal infiltration by M2-like CD68+ CD163+

TAMs, accompanied by increased STAT6 phosphorylation in

EOC. Furthermore, recombinant CTHRC1 protein (rCTHRC1)

induced a dose-dependent M2-like macrophage phenotype, as

evidenced by STAT6 signaling pathway activation. The

conditioned cultures of Lenti-CTHRC1 EOC cells promoted

macrophage M2 polarization, while CTHRC1 knockdown

eliminated STAT6-mediated macrophage M2 polarization. This

study suggested that CTHRC1 may have a significant impact on

regulating macrophage M2 polarization in the ovarian TME,

indicating its potential as a therapeutic target for antitumor

immunity (69). Xia et al. revealed that Tim-4+ TAMs originate

from embryonic sources and persist locally. They also observed that

these Tim-4+ TAMs promote tumor growth in vivo and display

increased oxidative phosphorylation. Additionally, Tim-4+ TAMs

adapt to counter oxidative stress through mitosis. Depletion of Tim-

4+ TAMs via ROS-induced apoptosis, resulting from genetic defects

in the 200 kDa autophagy-related FAK family interacting protein,

enhances T-cell immunity and suppresses ID8 tumor growth in

vivo. Furthermore, the study noted similarities between human

ovarian cancer-associated macrophages expressing complement

receptor (CRIg) and murine TAMs expressing Tim-4 in terms of

transcriptional profile, metabolism, and function. These findings

suggest that targeting CRIg-positive (Tim-4-positive) TAMs could

be a promising therapeutic approach for ovarian cancer patients

with peritoneal metastases (70). Hoover et al. developed the IKFM

transgenic mouse model to assess the impact of increased

macrophage NF-kB activity on synthetic mouse models of TBR5

and ID8-Luc OC during two distinct timeframes: 1) established

tumors; and 2) during tumor implantation and early tumor growth.

Upon sacrifice, various parameters, including tumor weight, ascites

volume, ascites supernatant and cells, and solid tumors were

collected. Immunofluorescence staining and qPCR analyses were

employed to investigate macrophage and T-cell populations in solid

tumors and/or ascites. Additionally, ELISA was used to analyze

soluble factors in ascites. Comparisons between the control and

IKFM groups were performed using the two-tailed Mann−Whitney

test (71). Ardighieri et al. discovered that immunoconverted HGSCs

contain CXCL10-producing M1-type TAMs that closely resemble T

cells. A subset of these M1-type TAMs also coexpressed TREM2.

M1-polarized TAMs were almost undetectable in T-cell-poor clear

cell carcinoma (CCC). Single-cell RNA sequencing confirmed the

overexpression of antigen processing and gene expression programs

by CXCL10+ IRF1+ STAT1+ M1-type TAMs within tumors. These

results support the clinical significance of the CXCL10+ IRF1+

STAT1+ macrophage subset as a potential biomarker indicating the

activation of T cells within tumors. This discovery offers a novel

approach to identify patients who may have a greater likelihood of

responding positively to immunotherapy targeting T cells or

macrophages. In a study conducted by Le et al. (72), M2

macrophage supernatant was shown to have a modest enhancing

effect on the proliferation, invasion, and migration abilities of

A2780/DDP cells. However, this effect was counteracted in a

manner that varied with the dose of TPL administered. Notably,
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when TPL was combined with cisplatin (DDP), TPL significantly

reduced the tumor burden and prolonged survival in mice through

its ability to inhibit the polarization of M2 macrophages and

downregulate the expression of CD31 and CD206. Additionally,

the sequencing results revealed that DDP upregulated

Akkermansia, while TPL upregulated Clostridium. Notably, the

combined effect of DDP and TPL led to the decrease in

Lactobacillus and Akkermansia abundance. These findings

underscore the importance of M2 TAMs in the migratory

capacity, invasiveness, and tolerance to DDP in EOC, as well as

elucidate the mechanism by which TPL reverses M2 macrophage

polarization (73). Long et al. uncovered a direct correlation between

the malignancy level of ovarian cancer (OvCa) cells and the

formation of OvCa-TAMs spheroids. They also identified that

CCL18 induces macrophage colony-stimulating factor (M-CSF)

transcription via zinc E box binding isozyme 1 (ZEB1) in OvCa

cells, subsequently driving the polarization of M2-TAMs. Thus, a

reciprocal interaction loop involving CCL18-ZEB1-M-CSF was

elucidated between OvCa cells and TAMs within spheroids. The

study proposes that the formation of OvCa-TAMs spheroids leads

to an invasive phenotype of OvCa cells, constituting one of the

specific feedback loops of CCL18-ZEB1-M-CSF. Inhibition of ZEB1

reduces OvCa-TAMs spheroids in ascites, impedes OC metastasis,

and enhances the prognosis of OC patients (74). Wu et al.

demonstrated that the administration of BETi resulted in a

significant increase in programmed cell death among THP-1

monocytes and macrophages. Moreover, BETi selectively

hindered the viability of CCR2+ macrophages while inducing

their transition into a phenotype resembling M1 cells. RNA-seq

analysis unveiled that BETi specifically targeted cytokines and

chemokines associated with macrophage inflammation in ovarian

cancer. The combined application of ABBV-075 (a BET inhibitor)

and bevacizumab demonstrated enhanced efficacy in suppressing

tumor growth, reducing infiltration by macrophages, and

prolonging the lifespan of mice bearing tumors compared to that

of the control groups or individual treatments. This study suggested

that BETi plays some role in selectively targeting CCR2+ TAMs and

improving the effectiveness of AVA in treating OC. Khan et al.

uncovered that VSSP reduced peritoneal TAMs and prompted M1-

like polarization of TAMs in an ID8 systemic model of EOC.

Moreover, VSSP treatment mitigated the suppressive effects of

peritoneal TAMs and granulocytes on CD8+ T cell responses to

ex vivo stimuli. Additionally, ex vivo exposure to VSSP induced

M1-like polarization of TAMs derived from patients with metastatic

OC and differentially alleviated their suppressive phenotype. These

findings indicate that VSSP reshapes myeloid responses, disrupting

the inhibitory pathway and potentially enhancing the efficacy of

VSSP administration in the TME to improve anti-tumor immunity

(75). Werehene et al. found that increased expression of epithelial

pGSN was linked to the apoptosis of M1 macrophages via

augmented activation of caspase-3 and reduced production of

iNOS and TNFa. Furthermore, independent prognostic analysis

demonstrated that epithelial pGSN expression could forecast

progression-free survival. These results suggest that pGSN

regulates inflammation by modulating the abundance and

function of various macrophage subtypes within the ovarian
Frontiers in Immunology 05
TME. Thus, targeting pGSN may offer a promising therapeutic

avenue to overcome immune-mediated chemotherapy resistance in

OVCA (76). Li et al. unveiled that a novel circular RNA, circITGB6,

exhibited significant elevation in tumor tissues and sera of

platinum-resistant OC patients. Mechanistic investigations

revealed that circITGB6 directly interacts with IGF2BP2 and

FGF9 mRNA, forming a circITGB6/IGF2BP2/FGF9 RNA-protein

ternary complex in the cytoplasm. This complex stabilizes FGF9

mRNA and induces the polarization of TAMs toward the M2

phenotype. Furthermore, in vivo reversal of OC CDDP resistance

was observed upon blocking circITGB6-induced M2 macrophage

polarization using antisense oligonucleotides targeting circITGB6.

These findings unveil a novel mechanism of platinum resistance in

OC and suggest that circITGB6 could serve as a promising

prognostic marker and therapeutic target for patients with this

disease (62). Chen et al. revealed that myricetin inhibits the

alternatively activated (M2) polarization of TAMs and reduces

the secretion of tumorigenic factors by TAMs, thereby

counteracting the pro-tumorigenic effect of TAMs on OC cells.

Furthermore, cardamonin inhibited tumor growth and decreased

the expression of CD163 and CD206 in xenografted nude mice.

Additionally, STAT3 was found to be closely associated with mTOR

activity. To conclude, these findings suggest that myricetin has the

potential to inhibit the protumor function of TAMs by reducing M2

polarization through the inhibition of mTOR. Therefore, OC

patients could benefit from the use of myricetin as a promising

therapeutic intervention. Chen (77) et al. conducted a

bioinformatics analysis to screen for DEGs associated with OC.

They identified NEAT1 as a highly expressed gene in M2-derived

extracellular vesicles (EVs) and OC cells cocultured with M2-

derived EVs. NEAT1 was found to adsorb miR-101–3p, leading

to increased expression of ZEB1 and PD-L1. Both in vitro and in

vivo experiments illustrated that NEAT1, delivered via EVs derived

from M2 cells, stimulated the proliferation of OC cells, triggered

apoptosis in CD8+ T cells, and facilitated tumor growth. Research

suggests that M2-derived EVs containing NEAT1 have a tumor-

promoting effect on OC through the miR-101–3p/ZEB1/PD-L1 axis

(78). Yin, Wang et al. found that TAMs expressing Siglec-9 were

associated with an immunosuppressive microenvironment in

tumors. Blocking Siglec-9 inhibited SHP-1, an inhibitory

phosphatase, leading TAMs to display an anti-cancer phenotype.

Combining Siglec-9 inhibition with anti-PD-1 antibody enhanced

the cytotoxicity of CD8+ T cells in tissues with abundant Siglec-9+

TAMs. These findings suggest that the presence of Siglec-9+ TAMs

may independently predict poor survival outcomes and serve as a

potential biomarker for PD-1/programmed death ligand-1

immunotherapy in HGSC. Further exploration of targeting Siglec-

9+ TAMs for therapy is warranted (79). Brauneck et al. observed

that M2 macrophages in HGSOC frequently express TIGIT,

CD226, TIM-3, and LAG-3 compared to HDs. Higher TIGIT

expression correlated with increased tumor grades in HGSOC,

suggesting prognostic significance. Blocking TIGIT reduced the

frequency of M2 macrophages, and combining TIGIT and CD47

blockade enhanced phagocytosis of (OC cells by TAMs compared

to CD47 blockade alone. These findings propose a combination

approach of TIGIT and CD47 blockade to enhance anti-CD47
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treatment efficacy. As reported by Brauneck (80), Le et al.

discovered that supernatant from M2 macrophages promoted the

growth, infiltration, and motility of A2780/DDP cells. However,

the TPL reversed this effect in a dose-dependent manner. Moreover,

the combination treatment of TPL and DDP significantly

reduced the tumor burden by inhibiting the polarization of M2

macrophages. The experiment led to a longer lifespan for mice and

a decrease in CD31 and CD206 levels. Sequencing showed that

DDP increased Akkermansia, whereas TPL increased Clostridium.

Moreover, DDP and TPL together decreased Lactobacillus

and Akkermansia. These findings suggest that M2 TAMs,

invasiveness, and tolerance to DDP in epithelial EOC are

significantly affected by migratory capacity, and that TPL can

revert M2 macrophage polarization (73). TAMs are summarized

in Table 1.
4.2 CAFs

In comparison to normal fibroblasts (NFs), CAFs exhibit

distinctions in morphology, function, and gene expression (81).

CAFs not only foster local tumor growth but also facilitate distant

metastasis through diverse mechanisms. Moreover, CAFs

contribute to tumor immune evasion by secreting a variety of

cytokines and chemokines that impact the recruitment and

function of immune cells (35, 82). Tumor cells can evade

immune surveillance by establishing an immunosuppressive

microenvironment. According to Wu et al., the activation of

extracellular signal-regulated kinase induced by collagen type XI

alpha 1 (COL11A1) prompts the translocation of p65 to the

nucleus, thereby activating TGF-b3. COL11A1 overexpression in

cells promotes tumorigenesis and the formation of CAFs. TGF-b3
inhibits CAF activation, whereas TGF-b3 promotes CAF activation.

COL11A1 and IGFBP2 expression is upregulated in human tumors

with elevated levels of TGF-b3, which correlates with reduced

survival rates. These findings suggest that targeting CAFs in

ovarian tumors positive for COL11A1 could be effectively

achieved through an anti-TGF-b3 treatment approach. This study

was conducted by Wu (2020) and Kim et al. (year not provided).

This study analyzed various CAFs isolated from OC tissues and

compared their gene expression profiles. The expression profile

revealed that GLIS (1 Glis family zinc finger) was among the genes

whose expression increased in metastatic CAFs (mCAFs).
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A significant increase in both gene mRNA and protein

expression was observed. Reducing GLIS1 in mCAFs significantly

decreased the migratory, invasive, and wound healing abilities of

OC cells. Additionally, an animal study indicated that knocking

down GLIS1 in CAFs reduced peritoneal metastasis. These results

imply that CAFs’ overexpression of GLIS1 enhances the migration

and metastasis of OC cells, suggesting that targeting GLIS1 could be

a promising therapeutic approach to inhibit OC metastasis (83). A

study by Akinjiyan et al. found that DDR2 regulates the expression

of POSTN in CAFs associated with OC. Furthermore, the presence

of both DDR2- and POSTN-expressing CAFs resulted in a greater

tumor load than the presence of CAFs lacking DDR2 and POSTN.

Notably, coinjection of DDR2-deficient CAFs expressing POSTN

with ovarian tumor cells led to a significant increase in tumor

burden. These findings suggest that DDR2 regulates the expression

of periosteal proliferative proteins through integrin B1 (integrin

B1). There was a strong correlation between DDR2 expression in

the tumor stroma and POSTN expression in the stromal cells of OC

patients. Consequently, the regulation of OC metastasis through

periosteal proliferative proteins is influenced by DDR2 expression

in CAFs (84). Lin et al. reported that periostin (POSTN) enhanced

integrin/ERK/NF-kB signaling through autocrine effects, resulting

in polarization to M2 macrophages in vitro. Tumors overexpressing

SKOV3 with POSTN contained more tumor-associated

macrophages than did the controls. Similarly, the number of

CAFs was increased in metastatic tumors derived from SKOV3

cells overexpressing POSTN. In terms of clinical relevance, POSTN

expression correlated with late-stage disease and low overall patient

survival. The results suggest that POSTN integrin NF kB-mediated

signaling contributes to the enhancement of M2 macrophages and

CAFs. This indicates that POSTN might serve as a valuable

prognostic indicator and a potential target for therapeutic

interventions. Akinjiyan et al. observed that the invasive

capability of tumor cells decreased when exposed to CAF

conditioned media (CM) lacking DDR2 or arginase-1. However,

this invasive deficiency was not observed in cells consistently

overexpressing arginase-1 (85). The presence of CM from DDR2-

depleted CAFs with constitutive arginase-1 overexpression restored

this invasion defect. Moreover, the supplementation of exogenous

polyamines to CM derived from DDR2-depleted CAFs increased

tumor cell invasion. DDR2-depleted CAFs exhibited reduced levels

of SNAI1 protein in the arginase-1 promoter region. These findings

illustrate how DDR2 regulates collagen production by modulating

arginase-1 transcription, which is a crucial source of arginase

activity and L-arginine metabolites in OC models (86). Studies

indicate that CAFs can communicate with neighboring cells

through exosomes, thereby participating in OC initiation and

progression. Guo et al. treated CAFs with a microRNA-98–5p

(miR-98–5p) inhibitor, isolated exosomes and cocultured them

with OC cells. Finally, the impact of exosomal miR-98–5p on

cisplatin resistance in OC cells was investigated. CDKC1A

expression levels were greater in cisplatin-sensitive OC cell lines.

CDKC1A expression was inhibited through the targeting action of

miR-98–5p. Furthermore, CAF-derived exosomes containing miR-

98–5p led to enhanced proliferation and cell cycle progression in

OC cells. Additionally, exosome-mediated delivery of miR-98–5p
TABLE 1 Summary of TAMs.

Cell types Phenotype

Inflammatory monocyte CD14+,HLA-DR high,CD11c+,CD64+

M1 macrophage HLA-DR+,CD68+,CD80+,CD86+

M2 macrophage HLA-DR+,CD68+,CD163+,CD206+,CD200R

M-MDSC CD11b+,CD33+,CD14+,HLA-DR low

G-MDSC
CD11b+,CD33+,CD15+,CD66b+,HLA-

DR low
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promoted cisplatin resistance and downregulated CDKN1A in nude

mice. These experimental findings suggest that CAF-originated

exosomes with increased miR-98–5p levels promote the

emergence of cisplatin resistance by suppressing CDKN1A

expression in nude mice (87). Cui et al. identified that miR-630

overexpression increased FAP and a-SMA levels in NFs, inducing

their transformation into CAFs. miR-630 targets KLF6, and

inhibiting miR-630 or enhancing KLF6 expression mitigated EV-

induced CAF activation. EVs triggered the NF-kB pathway via the

miR-630/KLF6 axis. The invasion and metastasis of OVCAR8 cells

were enhanced by the CM from NFs that had been pretreated with

EVs. However, the promotion by NFs was partially hindered when

miR-630 in EVs was downregulated. These findings suggest that

miR-630 is transported into NFs through EVs, leading to the

activation of CAFs and facilitating OC invasion and metastasis by

inhibiting KLF6 and activating the NF-kB pathway. Our study

provides insight into the mechanism underlying OC invasion and

metastasis within the TME (88). Sun et al. assessed the expression of

secretory leukocyte protease inhibitor (SLPI) in OC cells, tissues,

CAFs, and EVs, and examined the impact of exogenous SLPI on OC

cells in vitro. The investigation revealed a significant increase in

SLPI protein expression in a subset of CAFs characterized by high

FAP levels and low a-SMA expression. This upregulation correlated

with higher tumor grade and decreased overall survival (OS).

Notably, SLPI proteins from CAFs could be encapsulated into

EVs for targeted delivery to OC cells, activating the PI3K/AKT

pathway. Additionally, a strong association was observed between

elevated levels of encapsulated SLPI in plasma samples from OC

patients and advanced tumor stage. These findings provide evidence

for the oncogenic role of EV-encapsulated SLPI secreted by CAFs in

driving TACs, suggesting its potential as a prognostic biomarker for

OC (89). Mo et al. identified miR-141 as an exosomal miRNA that

reprograms stromal fibroblasts into pro-inflammatory CAFs,

promoting metastatic colonization. Mechanistically, miR-141

targets YAP1, a key effector of the Hippo pathway, and enhances

the production of GROa by stromal fibroblasts. Stroma-specific

knockout (cKO) of Yap1 in a mouse model results in a

microenvironment enriched for GROa and promotes tumor

colonization in vivo, but this effect is reversed by depletion of

Cxcr1/2 in OvCa cells. The results highlight the relevance of YAP1/

GROa in clinical samples and propose a potential therapeutic

intervention to impede the formation of pre-metastatic niches

and metastatic progression in OC (90). Han et al. isolated

exosomes from primary omental NFs and CAFs obtained from

OC patients and assessed their impact on metastasis. Among the

down-regulated miRNAs by CAF-Exo, miR-29c-3p in OC tissues

was associated with patient metastasis and survival. Elevating miR-

29c-3p levels significantly reduced the metastasis-promoting effect

of CAF-Exo by directly targeting matrix metalloproteinase 2

(MMP2). These findings provide evidence for the significant

contribution of exosomes derived from omental CAFs to

peritoneal metastasis in OC, which may be partly explained by

the alleviation of low levels of miR-29c-3p-mediated inhibition on

MMP2 expression (91). Sun et al. identified a specific

overexpression of microRNA (miR)-296–3p in EVs derived from

activated CAFs. The proliferation, migration, invasion, and drug
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resistance of OC cells were significantly increased by the

upregulation of miR-296–3p in laboratory experiments. Tumor

growth was also stimulated in vivo. Mechanistic investigations

demonstrated that miR-296–3p facilitated OC progression

through direct targeting of PTEN and SOCS6 genes and

activation of AKT and STAT3 signaling pathways. Elevated levels

of miR-296–3p within plasma-derived EVs were strongly associated

with tumorigenesis and chemotherapy resistance in OC patients.

These findings offer new evidence supporting the involvement of

CAF-derived EVs carrying miR-296–3p in promoting OC

progression and suggest the potential of miR-296–3p

encapsulated within CAF-derived EVs as a diagnostic biomarker

and therapeutic target for OC treatment (92). The transfer of DNA

from OC cells to CAFs was facilitated by cisplatin, as discovered by

Liu and colleagues. This process induces activation of the CGAS-

STING-IFNB1 pathway in CAFs, resulting in the release of IFNB1.

Consequently, the resistance of cancer cells to platinum-based

drugs is augmented. High levels of STING expression in the

tumor stroma have been correlated with poor prognosis, while

inhibition of STING expression heightens susceptibility to OC. The

association between the CGAS-STING pathway and platinum drug

resistance in CAFs suggests that targeting STING could represent a

promising approach for combination therapy in OC, offering

potential opportunities for enhancing treatment outcomes (93).

Jiang et al. obtained CAFs and NFs from ovarian tumors and

healthy ovaries, respectively. Overexpression of miR-1290 in CAFs

significantly increased viability, DNA synthesis, and cell invasion in

OC cells, and altered the expression of epithelial-mesenchymal

transition (EMT) markers in OC cells. Finally, overexpression of

miR-1290 in CAFs increased tumor growth in a nude mouse

xenograft tumor model. These findings suggest that the miRNA/

mRNA axis in OC CAFs may regulate the proliferation and

invasion of OC cells through the Akt/mTOR pathway (94).

Moreover, cytokines derived from CAFs also exert significant

biological effects. Thongchot et al. assessed cancer cell migration

using the Transwell migration assay and investigated the role of

interleukin-8 (IL-8) in OC cell migration, along with its mechanistic

connection to autophagy. Additionally, the pro-migratory impact of

IL-8 was mitigated by pharmacologically inducing autophagy with

rapamycin or metformin. Neutralizing anti-IL-8 antibodies

counteracted the inhibitory effect of OVCAFs-CMMPs. The

experimental results argue for the involvement of IL-8 released by

CAFs in ovarian tumors. Autophagy in the ovarian TME is

inhibited to promote cancer cell migration (95). Ji et al.

uncovered that IL-8 secretion by CAFs can trigger the activation

of normal ovarian fibroblasts (NFs) through diverse signaling

pathways. Moreover, IL-8 was found to enhance the malignant

growth of OC cells in animal models and increase their resistance to

cisplatin (CDDP), evidenced by elevated IC50 values for OC cells.

Further investigations revealed that IL-8 promotes cancer cell

stemness induction via Notch3, with a positive correlation

observed between elevated IL-8 levels in ascites and Notch3

expression in OC tissues. In essence, the activation of Notch3-

mediated signal transduction through IL-8 secretion from CAFs

and cancer cells significantly contributes to promoting stemness in

human OC. These findings may offer a novel approach for treating
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OC (96). Jin et al. reported that collapsin response mediator

protein-2 (CRMP2) from CAFs is a key regulator mediating these

cellular events in ovarian cancer (OvCA). In vitro investigations

utilizing recombinant CRMP2 (r-CRMP2) demonstrated that this

protein stimulates OvCA cell proliferation by activating the

hypoxia-inducible factor (HIF)-1 alpha-glycolytic signaling

pathway, invasion, and migration. Analysis of patient samples

revealed abundant expression of CRMP2 in OvCA, strongly

correlated with cancer metastasis and an unfavorable prognosis.

Inhibition of CRMP2 in CAFs by neutralizing antibodies

significantly ameliorated tumors in mice in vivo. Our findings

provide new insight into TME-based OC treatment (97). Dai

et al. reported that the migration of OC cells cocultured with

CAFs was significantly enhanced. In addition, the density of

CAFs in metastatic sections was greater than that in primary OC

primary tumor sites. We found that co-culture of SKOV3 with

recombinant human stromal-derived factor-1a (SDF-1a)
significantly inhibits cisplatin-induced cytotoxicity and apoptosis

in a dose- and time-dependent manner, with the CXCR4 antagonist

AMD3100 blocking this effect. These results suggest CAFs may

contribute to malignant OC metastasis by promoting tumor cell

migration. In OC, CAFs’ resistance to cytotoxic drugs may be

mediated through SDF-1a/CXCR4 signaling (98). Hu et al.

identified a subset of CAFs expressing INHBA as significant

promoters of tumor growth and immune suppression in OC.

Reanalyzing patient samples revealed metastatic tumors with high

INHBA(+) CAF levels also had increased regulatory Tregs. Co-

culturing human ovarian CAFs with T cells showed direct contact

between INHBA(+) CAFs and T cells is crucial for promoting Treg

differentiation. This involves activating autocrine PD-L1 expression

in CAFs through SMAD2-dependent signaling triggered by

INHBA/recombinant activin A, ultimately facilitating Treg

differentiation. These findings highlight the therapeutic potential

within the INHBA(+) subset for advanced OC treatment, especially

considering its typically poor response to immunotherapy.

In summary, the above studies illustrate how CAFs contribute

to cancer advancement through the secretion of growth factors,

cytokines, and chemokines, as well as ECM degradation.

Additionally, CAFs can release taste-promoting cytokines locally;

thus, aiding in the spread of OC cells. Moreover, CAFs promote

immune evasion by upregulating immune checkpoint ligands and

immunosuppressive cytokines, hindering the infiltration of

antitumor CD8+ T lymphocytes, and triggering antitumor

responses by interacting with other immune cells. Increasing

evidence suggests that CAFs mediate chemotherapy resistance in

OC, which supports the role of CAFs as promising therapeutic

targets for treating OC.
4.3 MDSCs

MDSCs constitute a highly diverse array of immune cells

emerging in various physiological and pathological contexts,

notably in inflammatory settings like cancer, infection, trauma,

and autoimmune diseases (99). Primarily originating from the bone

marrow, MDSCs include immature myeloid cells, including early
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granulocytes, monocytes, and other myeloid precursors, which

typically mature into immune cells such as neutrophils,

monocytes, and macrophages under normal conditions (100).

However, in inflammation or the TME, the differentiation of

MDSCs is disrupted by signaling molecules such as cytokines and

growth factors, resulting in their accumulation. MDSCs suppress

immune responses by inhibiting T-cell activation and proliferation,

promoting regulatory Treg development and function, and

modulating other immune cell activit ies (101). Their

accumulation is a key mechanism enabling tumors to evade

immune surveillance and fuel tumor growth. MDSCs directly

support tumor cell survival and dissemination through

immunosuppression and also contribute to angiogenesis and

TME alterations (102). Furthermore, MDSCs indirectly facilitate

tumor development by promoting tumor cell invasiveness and

metastasis (103).

MDSCs consist of two main groups of cells, mononuclear

MDSC (M-MDSC) and polymorphonuclear MDSC defined as

CD11b+Ly6ChighLy6G- cells and CD11b+Ry6ClowLy6G- cells,

respectively (104); therefore, individuals equivalent to M-MDSCs

are defined as CD33+CD14+HLA-DR -/low CD15 - cells, while

PMN-MDSCs are defined as CD13+CD14-CD15+ or CD33

+CD14-CD66b+ cells. Abundant M-MDSCs have been observed

in the peripheral blood and ascites of OC patients, with their

accumulation and inhibitory activity primarily attributed to

ascites-derived IL-6 and IL-10, along with downstream STAT3

signals (105). Okta et al. found a correlation between elevated M-

MDSC quantities in tumors and the progression to advanced stages

and higher grades of EOC. They also noted differences in

immunosuppressive patterns between EOC patients and healthy

donors, with a significant increase in ARG/IDO/IL-10-expressing

M-type and PMN-MDSCs in the blood of EOC patients. The

accumulation of these subpopulations positively correlated with

TGF-b and ARG1 levels in plasma and peritoneal fluid (PF). In OC

patients, prolonged survival was significantly associated with

reduced levels of circulating and intratumoral M-MDSCs,

indicating their potential clinical significance (106). Horikawa

et al. observed that treatment with anti-VEGF led to the up-

regulation of granulocyte-monocyte colony-stimulating factor

(GM-CSF), promoting the migration and differentiation of

MDSCs while inhibiting the proliferation of CD8+ lymphocytes.

Targeting GM-CSF improved therapy efficacy by reducing MDSC

infiltration and increasing CD8+ lymphocytes. Additionally,

enhanced expression of GM-CSF was found in bevacizumab-

resistant patients, suggesting that GM-CSF plays a role in

recruiting MDSCs to suppress tumor immunity induced by

hypoxia caused by anti-VEGF therapy. Targeting GM-CSF could

overcome resistance to this therapy for OC (107). In their study, Li

et al. identified various genes that were differentially expressed in

EOC cells. Notably, when EOC cells were cocultured with MDSCs, a

significant increase in the expression level of colony-stimulating

factor 2 (CSF2) was observed. Furthermore, successful depletion of

CSF2 has been accomplished in these cells. Interestingly, the

downregulation of CSF2 expression effectively counteracted the

increase in EOC cell stemness induced by MDSCs. Additionally,

inhibition of p-STAT3 also led to a significant reversal in the
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promotion of EOC cell stemness caused by MDSCs. In addition,

CSF2 expression levels correlated with EOC clinical stage. These

findings suggest that MDSCs enhance EOC cell stemness by

inducing the CSF2/p-STAT3 signaling pathway. Enhancing the

effectiveness of conventional treatments could be achieved by

focusing on MDSCs or CSF2 as viable targets (108). Okla et al.

discovered that M-MDSCs exhibited greater PD-L1 expression than

MO/MA in both blood and ascites samples. The expression of PD-

L1 was notably elevated in ICs compared with that in TCs, although

PD-L1+ TC levels were more prominent in endometrioid and

mucinous tumors. Furthermore, there was a direct association

between the levels of circulating sPD-L1 and the numbers of PD-

L1+ M-MDSCs and PD-L1+MO/MA in the bloodstream. Neither

PD-L1 nor sPD-L1 served as prognostic indicators for overall

survival (OS). The experimental findings suggested that while

PD-L1 may not predict OC outcomes, its upregulation indicated

immune impairment without prognostic implications. Moreover,

PD-L1+ myeloid cells in blood correlated positively with sPD-L1,

suggesting sPD-L1 might serve as a non-invasive surrogate marker

for immune surveillance of PD-L1+ myeloid cells in OC (109).

McGray et al. proposed exploring other therapeutic combinations

to enhance CD8+ T cell function using the primary/booster vaccine

platform. They observed moderate tumor control enhancement

with CD27 agonists or antibody-mediated granulocyte depletion

post-vaccination, while adding anti-PD-1 therapies further

improved treatment outcomes. These findings underscore the

potential of immunotherapies with well-defined mechanisms of

action as a basis for identifying combination approaches for treating

OC (110). pi et al. reported that high expression levels of mTORC2

were associated with shorter survival in EOC patients, whereas

mTORC1 was unrelated to patient prognosis. Azd2014 inhibits the

mTOR signaling pathway in OC cells and suppresses cell

proliferation. Azd2014 specifically reduces the migration and

aggregation of MDSCs in the peritoneal tissue of EOC patients

and the aggregation of MDSCs in EOC peritoneal tissue but not in

the spleen. In addition, AZD2014 treatment after cisplatin

chemotherapy delayed the recurrence of EOC. Our findings

suggest that high mTORC2 expression in EOC portends a poor

prognosis. Notably, in tumor-bearing mice, AZD2014 reduced

MDSC accumulation and delayed tumor growth and recurrence.

(Pi 34560229). Yang et al. reported that there was an increase in the

proportion of MDSCs in the peripheral blood of obese mice.

Additionally, IL-6 significantly enhanced the expression levels of

S100A8 and S100A9 in MDSCs. Furthermore, the infiltration of

MDSCs into OCs was directly related to the level of IL-6 expression.

The levels of IL-6 observed in OC tissues were positively associated

with the expression levels of S100A8 and S100A9. Finally, LMT28

can inhibit tumor growth by suppressing IL-6. Obesity promotes

immune evasion and metastasis in OC by upregulating IL-6 and

promot ing the expre s s ion o f the MDSC-as soc i a t ed

immunosuppressive genes S100A8 and S100A9 (111). Chen et al.

reported that Ankrd22 knockdown increased CCR2 expression in

CD11b+ Ly6G+ Ly6Clow cells and the immunosuppressive activity

of PMN- MDSCs. In a mouse model of tumor xenografts, CD11b+

Ly6G+ Ly6Clow cells organized biochemically from Ankrd22-/-

mice significantly enhanced the proliferation of OC cells. RNA
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sequencing revealed a significant increase in the expression of

Wdfy1 in these cells. Furthermore, a potential small molecule

compound activating ANKRD22 was found to weaken the

immunosuppressive activity of Ankrd22+/+ PMN-M MDSCs.

These findings suggest ANKRD22 as a promising target for

reversing the immunosuppressive effects of PMN-M DSCs (112).

Wang et al. explored the influence of METTL3 on IL-1b secretion

and inflammasome activation in the context of OC. The study

observed increased OC cell growth in Mettl3-cKO mice, along with

a transition in macrophage polarization from reduced M1 to

increased M2 during OC progression. Additionally, Mettl3

deficiency in myeloid cells resulted in increased secretion of

CCL2 and CXCL2 in peritoneal lavage fluid. Importantly, the

deletion of Mettl3 amplified IL-1b secretion induced by viable

ID8 cells. These insights shed light on how METTL3-mediated

m6A methylation affects the immune response against OC (100).
4.4 DCs

DCs are vital to the human immune system, serving as essential

mediators in capturing, processing, and presenting antigens, and

acting as a crucial bridge between innate and adaptive immunity

(113). These cells are distributed throughout multiple tissues,

organs, the blood, and lymphatic systems. The primary function

of DCs is to recognize and capture antigens, presenting them to T

cells to initiate a T-cell-mediated immune response (114, 115). After

capturing antigens, DCs migrate from peripheral tissues to lymph

nodes, undergoing maturation and exhibiting elevated levels of

major histocompatibility complex (MHC) molecules and

costimulatory molecules. The critical role of DCs in initiating and

regulating the immune response highlights their importance as a

research target in immunotherapy. Modifying the activity and

function of DCs may lead to new vaccine developments and

therapeutic approaches to effectively combat cancer and other

immune-related diseases (116). Additionally, DCs play a

significant role in studying autoimmune diseases, infectious

diseases, and transplant rejection. Gao et al. found that high

expression of Growth differentiation factor-15 (GDF-15) was

linked to the infiltration of immune DCs in immunoreactive

high-grade plasmacytoid carcinoma. Moreover, GDF-15 inhibited

the maturation of DCs. Overexpression of CD44 in DCs inhibited

GDF-15 effects on DC synapse length and number. The inhibitory

effect of GDF-15 on CD11c, CD83, and CD86 expression was

attenuated in DCs overexpressing CD44, and this inhibitory effect

was further enhanced in DCs knocked down for CD44, while CD44

overexpression suppressed the inhibitory effect of GDF-15 on DC

migration. These findings suggest that GDF-15 may inhibit the

function of CD44 in DCs by interacting with it, thereby promoting

immune escape from OC (117). According to a study by Luo et al., it

was discovered that the Th17-DC vaccine positively impacted the

TME by increasing the presence of Th17 T cells and remodeling the

bone marrow microenvironment. This resulted in an improved

survival rate for mice compared to those treated with a cDC vaccine.

While immune checkpoint blockade (ICB) showed limited

effectiveness against OC, the administration of a Th17-inducing
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dendritic cell (DC) vaccination sensitized OC cells to PD-1 ICB,

effectively overcoming IL-10-induced resistance. The efficacy of the

Th17-DC vaccine, either alone or in combination with ICB, was

found to be mediated by CD4 T cells rather than CD8 T cells,

highlighting the potential benefits of utilizing biologically relevant

immunomodulators like the Th17-DC vaccine in OC therapy as a

means to remodel the TME and enhance clinical response to ICB

therapy (118).
4.5 NK cells

NK cells are important immune cells that mediate tumor

immunosurveillance (119). The recognition and elimination of

target cells by NK cells do not require prior exposure to

pathogens, especially those infected with viruses and mutated

tumor cells (120). Immunosurveillance relies heavily on the

pivotal contribution of NK cells, responding rapidly and directly

killing cells that do not express sufficient amounts of MHC I

molecules (121, 122). This recognition mechanism allows NK

cells to bypass the immune evasion strategies of certain pathogens

and tumor cells. In addition to their direct killing function, NK cells

can influence and regulate other immune cells by secreting

cytokines to promote an immune response (119, 123). Meer et al.

found that N-803 also enhances HPC-NK cell-mediated leukemia

killing. Treatment of OC spheroids with HPC-NK cells and N-803

increased target killing. In immunodeficient mice harboring human

OCs, the binding of N-803 to whole human immunoglobulin

supported the persistence of HPC-NK cell N-803 binding to

whole human immunoglobulin, preventing Fc-mediated HPC-NK

cell depletion. In addition, the combination therapy reduced tumor

growth. These results suggest that N-803 is a promising agent for

enhancing the proliferation and function of HPC-NK cells both in

laboratory settings and in animal models. Integrating N-803 into

HPC-NK cell therapies could potentially improve the efficacy of

cancer immunotherapy (124). Meer et al. noted that gemcitabine

did not affect the characteristics or function of HPC-NK cells,

though OC cells showed increased expression of NK cell activating

ligands and death receptors. While pretreatment of OC cells with

gemcitabine did not enhance HPC-NK cell function, the

combination of HPC-NK cells and gemcitabine was effective in

killing OC cells in vitro. Additionally, this combination therapy

decreased tumor growth in OC mouse models. These findings

support that the joint application of HPC-NK cells and

gemcitabine enhances the destruction of OC cells both in the

laboratory and in vivo environments. This supports further

exploration of this treatment strategy in patients with recurrent

OC (125). Using a murine experimental model of advanced EOC,

Vloten et al. reported that Orf virus (OrfV) is a therapeutic agent. It

was demonstrated in experiments with knockout mice that OrfV

therapy requires classical type 1 dendritic cells (cDC1s). In addition,

cDC1s control antitumor NK and T-cell responses, thereby

mediating the antitumor efficacy of OrfV. Primary tumor

resection is a commonly used treatment for human patients and

is effectively combined with OrfV to achieve optimal therapeutic

outcomes. achieves optimal therapeutic effects. Furthermore, cDC1s
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were associated with NK cells in human OC, and intratumoral NK

cells were positively correlated with survival. These findings

demonstrate the potential of OrfV as an NK-stimulating

immunotherapy for the treatment of advanced OC (126). Fraser

et al. discovered that the expression of genes related to cytotoxicity

and signaling pathways decreased in NK cells isolated from the

ascites of OC patients. Similarly, NK cells obtained from treated

healthy donors also displayed downregulation of genes involved in

cytotoxic pathways. These findings indicate that both ascites and

CA125 impede the anti-tumor activity of NK cells by suppressing

gene expression responsible for their activation and ability to kill

cancerous cells at the transcriptional level. This study provides a

deeper insight into how ascites inhibits NK cell function and

suggests potential strategies for reactivating these immune cells as

part of OC immunotherapy (127). Raja et al. discovered that Protein

phosphatase 4 (PP4) inhibitors or agents that knock down PPP4C

in combination with carboplatin triggered inflammatory signaling.

Inhibiting PP4 results in reduced CD8 T-cell migration. Co-

culturing NK-92 cells and OC cells via PPP4C or PPP4R3B

suppression enhances NK cells’ ability to eliminate OC cells. In

an immunocompetent mouse model, stable knockdown of PP4C

significantly restrains tumor growth. These findings propose that

PP4 inhibitors can stimulate inflammatory signaling and enhance

immune cell response efficacy. Hence, further investigation into

PP4 inhibitors’ use in combination with chemoimmunotherapy for

treating OC is justified (128). Luo et al.’s study illustrated that

expanded natural killer cells (eNK-EXO), loaded with cisplatin,

sensitize drug-resistant OC cells to cisplatin’s antiproliferative

effects. Additionally, eNK-EXO can activate NK cells within the

immunosuppressive TME, and researchers have explored the

underlying mechanism involved. In conclusion, the inherent

antitumor activity of eNK-EXO suggests their potential as

therapeutic agents for OC. Furthermore, utilizing eNK-EXO as

carriers for cisplatin can enhance the effectiveness of drugs against

drug-resistant OC cells. Additionally, eNK-EXO has shown

promise in reversing the immunosuppressive effects of NK cells.

These findings present significant prospects for the clinical

application of eNK-EXO in treating OC and pave the way for

further investigations into its efficacy in other solid tumor

treatments (129). Steitz et al. discovered that tumor-associated

NK cells induced TRAIL-dependent apoptosis in mesothelial cells

upon encountering activated T cells. Moreover, the upregulation of

TRAIL expression in NK cells and the enhanced cytotoxicity to

mesothelial cells were primarily driven by T cell-derived TNFa.

Importantly, apoptotic mesothelial cells were observed in the

peritoneal fluid of HGSC patients. Conversely, HGSC cells

exhibited resistance to TRAIL, indicating a cell type-selective

killing effect of NK cells. The findings support a synergistic role

of T cells and NK cells in breaching the mesothelial cell barrier in

HGSC patients (130).
4.6 T cells

T lymphocytes play a pivotal role in the body’s immune

response against tumors, capable of combatting both pathogens
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and tumor cells (131) and identifying processed antigenic fragments

through the T-cell receptor (TCR) (132). The main subsets of T cells

include CD4+ T cells and CD8+ T cells. CD4+ T cells primarily

regulate the immune response by releasing various cytokines to

activate or suppress other immune cells. CD8+ T cells, also referred

to as CTLs, possess the ability to directly eliminate virus-infected

cells or tumor cells (133).

Chen et al. observed a notable rise in TIGIT expression among

CD4+ Tregs. Furthermore, the application of anti-TIGIT therapy

led to a decline in the CD4+ Tregs proportion, with no discernible

effect on CD4+ and CD8+ T cells or NK cells. Additionally, TIGIT

inhibition resulted in a decrease in the level of immunosuppression

induced by CD4+ Tregs. Survival analysis indicated that anti-TIGIT

treatment notably enhanced the survival rate of mice with OC.

These findings suggest that TIGIT contributes to enhancing the

response to CD4+ Tregs and mediating immunosuppression within

the OC model. Consequently, inhibiting TIGIT could be a viable

therapeutic approach for patients with OC (134). Silveira et al.

discovered that P-MAPA treatment elevated the levels of TLR2 and

TLR4 in OC while decreasing the count of regulatory Tregs.

Furthermore, the interaction of P-MAPA with IL-12 notably

augmented the population of CD4+ and CD8+ effector cells in

draining lymph nodes. Concerning inflammatory mediators, P-

MAPA raised the levels of the proinflammatory cytokine IL-17,

whereas P-MAPA + IL-12 increased the levels of IL-1b. These
findings suggest that P-MAPA upregulates TLR2 and TLR4

signaling while attenuating tumor immunosuppression.

Furthermore, P-MAPA, in combination with IL-12, enhances

antitumor immune responses, opening a new therapeutic avenue

in the fight against OC (135). Werehene et al. observed that under

chemosensitive conditions, the secretion of sEV-pGSN decreased.

This led to an increase in IFNg release by T cells, resulting in

decreased intracellular glutathione (GSH) production and

increased susceptibility of chemotherapy-sensitive cells to

cis-dichloroplatinum (CDDP)-induced programmed cell death. In

cases of chemotherapy resistance, OC cells showed increased

secretion of sEV-pGSN, inducing apoptosis in CD8þ T cells.

Consequently, IFNg secretion decreased, leading to elevated GSH

production. These findings suggest that sEV-pGSN plays a role in

suppressing immune surveillance and regulating GSH production,

contributing to the development of chemoresistance in OC (136).

Desbois et al.’s research identified two distinct features of T-cell

exclusion from tumors: 1) loss of antigen presentation by tumor

cells; and 2) upregulation of TGFb and stromal activation.

Moreover, TGFb significantly inhibits T-cell infiltration. In vitro

experiments demonstrated that TGFb reduces MHC-I expression in

OC cells. Additionally, TGFb stimulates fibroblasts and enhances

ECM production, potentially forming a physical barrier to impede

T cell entry. These findings propose that targeting TGFb could be a

promising strategy to overcome immune rejection by T cells and

enhance the clinical efficacy of cancer immunotherapy (137).

McCaw et al. reported that the class I HDAC inhibitor entinostat

upregulated pathways and genes associated with the cytotoxic

function of CD8+ T cells while downregulating the expression of

myeloid-derived suppressor cell chemoattractant factors. The

inhibitory potential of regulatory T cells in tumors and associated
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ascites was significantly diminished, leading to a reversal in the

CD8-Treg ratio. These findings illustrate that class I HDAC

inhibition fosters intratumoral CD8 T cell activation by

disrupting the suppressive network in the EOC TME.

Consequently, class I HDAC inhibition may render advanced

EOC susceptible to immunotherapeutic modalities (138). Sima

et al. uncovered that the absence of TG2 in mice resulted in an

augmentation of cytotoxic responses of CD8+ T cells specific to

tumor antigens present in ascites. Additionally, the depletion of

CD8+ T cells hastened the accumulation of ascites in TG2-/- mice.

CD8+ T cells obtained from tumor-bearing TG2-/- mice exhibited

characteristics associated with effector T cells. Mechanistically, the

absence of TG2 amplifies signals that facilitate the activation of T

cells. Intraperitoneally growing cancer cells produced a stronger

immune response to TG2 deletion. Furthermore, TG2 expression in

the stroma but not in the tumor was indirectly correlated with the

number of tumor-infiltrating lymphocytes. The results

demonstrated that the TME in TG2-/- mice has a reduced tumor

load, enhanced T-cell activation and effector function, and loss of

immunosuppressive signals. This leads to the hypothesis that TG2 is

an attenuator of antitumor T-cell immunity and a novel

immunomodulatory target (139). Muthuswamy et al. reported

high expression of CXCR6 on chemokine receptors in OC

patients. The analysis revealed a connection between CXCR6 and

increased CD103 levels, correlating with enhanced patient survival.

Furthermore, CXCR6 acts as an exclusive marker for tumor-specific

memory CD8+ T cells residing within the tumor rather than

circulating in the bloodstream. Elimination of CXCR6 in these

specific CD8+ T cells leads to reduced retention within tumor

tissues, resulting in a weakened resident memory response and

compromised control over OC. These results emphasize the vital

role of CXCR6 in immune surveillance and OC management by

promoting the retention of resident memory T cells within tumor

tissue. Future studies should explore utilizing CXCR6 to improve

resident memory responses against cancer (140). Tsuji et al.

conducted a thorough analysis at the single-cell level and

proposed a model in which CD103TCF1+ recirculating T cell

precursors differentiate in response to tumor antigen recognition,

underscoring the significant anti-tumor function of CD103+ TRM

cells in OC (141). Kamat et al. identified elevated levels of CCL23 in

both ascites and plasma samples from patients diagnosed with high-

grade plasmacytoid OC (HGSC). These increased levels were

associated with increased expression of exhaustion markers

CTLA-4 and PD-1 on CD8+ T cells in tissues exhibiting higher

CCL23 levels and macrophages. Through in vitro experiments, it

was demonstrated that CCL23 prompts the upregulation of

immune checkpoint proteins on CD8+ T cells by phosphorylating

GSK3b. These results underscore the role of macrophage-derived

CCL23 in shaping the immunosuppressive TME in OC, promoting

a depleted T cell phenotype (142). Zhu et al. reported that OC

tissues had greater expression of Rab8a, Hsp90a, and Il6 than

neighboring normal tissues. IL-6 levels were correlated with the

number of LC3+ EVs in ascites, and the percentage of HSP90a+
LC3+ EVs and the ROMA index of patients were positively

correlated. In addition, LC3+ EVs induced elevated IL-6

production by CD4+ T cells, which was inhibited by anti-
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HSP90a or anti-TLR2. These findings demonstrate the associations

of LC3+ EV levels and the percentage of HSP90a+ LC3+ EVs with

elevated IL-6 in the ascites of EOC patients. HSP90a on human

EOC LC3+ EVs stimulates IL-6 production by CD4+ T cells via

TLR2 (143). In their study, Zhang et al. detected a specific group of

tissue-resident memory T cells (Trm) characterized by the presence

of both TIM-3 and CXCL13 markers within EOC samples. Notably,

compared with other patients, high-grade plasmacytoid EOC

patients with TIM-3-positive Trm cells experienced significant

improvements in OS. Moreover, the presence of CXCL13-positive

CD8-positive T cells demonstrated a strong association with

positive responses to anti-PD1 ICIs among patients, suggesting

that combining PD-1 blockers with agents targeting TIM-3 could

reactivate anticancer immunity against EOC (144). Another study

conducted by Vlaming et al. revealed an interesting subset of

exhausted CD8+ TNFRSF1B+ T cells linked to disease

progression in OC patients. Their findings from both laboratory

experiments and analyses of OC patients consistently supported the

notion that increased expression levels of TNFRSF1B on activated

CD8+ T cells corresponded to increased clinical malignancy levels

and poorer prognoses. Furthermore, the inhibition of TNFRSF1B

led to a notable modification of the immune microenvironment in

an OC mouse model, resulting in suppressed tumor growth. These

findings highlight the potential clinical significance of targeting

TNFRSF1B for immunotherapy and enhance our understanding of

the factors contributing to the limited success observed in OC

immunotherapeutic approaches (145). Yakubovich et al. reported

that cancer cells that migrated into/out of tumors possessed more

mesenchymal stromal cells than those that exited and deserted

tumors. Furthermore, high LGALS3 expression was associated with

EMT in vivo. Significantly, CD8+ T cells displayed increased

expression of LAG3, a marker of T cell exhaustion. These

findings suggest that the EMT process in OC cells facilitates

interaction between cancer cells and T cells through the LGALS3

- LAG3 pathway, potentially leading to a decrease in T cell presence

within tumor infiltrates and thereby suppressing the immune

response against tumors (146).
4.7 Tregs

Tregs, a subset of immune-suppressing cells, play a pivotal role

in maintaining immune system equilibrium and preventing

autoimmune diseases. They regulate the activity of other immune

cells through both contact-dependent and cytokine-mediated

mechanisms (147). Dysregulation of Tregs is associated with the

onset of various conditions, including autoimmune diseases, allergic

reactions, and immune evasion in tumors (148). When activated by

their environment, Tregs can dampen the anti-tumor immune

response by releasing inhibitory cytokines like IL-10, IL-35, and

TGF-b; thus, fostering tumorigenesis (149, 150). Tregs are

distinguished by the expression of CD25 and Foxp3, a key marker

crucial for their suppressive function. Xu et al. reported that after

activation of TLR8 signaling in CD4+ Tregs, the proliferation of

naive CD4+ T cells was greater than that in controls. Moreover,

glucose uptake and glycolysis in TLR8-activated CD4+ Treg cells
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were decreased. In addition, TLR8 signaling downregulates the

mTOR pathway in CD4+ Tregs. Pretreatment of CD4+ Tregs

with 2-deoxy-d-glucose (2-DG) and Schisandra chinensis also

reduced the inhibition of Teff proliferation. There were no

significant differences between CD4+ Tregs pretreated with 2-DG

and those pretreated with pentaphosphatoflavone prior to TLR8

signaling activation and those treated with inhibitors alone,

demonstrating that TLR8-mediated reversal of the inhibitory

effect of CD4+ Tregs on the microenvironment of cocultured OC

cells is causally related to glucose metabolism (147). Shan et al.

explored the presence of HVEM in the peripheral blood of OC

patients and analyzed the proportion of CD4+CD25+Foxp3

positive Tregs cells using flow cytometry. They also established

OC cell lines with varying levels of HVEM expression. Moreover, it

was discovered that overexpressing HVEM enhanced the

production of IL-2 and TGF-b1 cytokines, activated STAT5, and

increased Foxp3 expression, ultimately resulting in an increase in

Treg positivity rate. These findings provide experimental evidence

elucidating how HVEM expression in OC cells can upregulate Tregs

through the STAT5/Foxp3 signaling pathway, offering insights into

potential clinical strategies for treating OC (151).
5 The potential of antitumor therapy
on the immune microenvironment
of OV

5.1 Chemotherapy

Chemotherapy is a widely employed medical treatment for

cancer, involving the use of one or more chemical agents to

eradicate or curb the proliferation and division of cancer cells.

These chemotherapeutic agents function by damaging the DNA of

cancer cells, obstructing crucial phases of cell division, suppressing

necessary hormones or signals for cell growth, and facilitating the

programmed death of the cancer cells themselves. Given that cancer

cells often divide more rapidly than normal cells, chemotherapeutic

agents are particularly effective at targeting these swiftly multiplying

cells, although they may also impact other rapidly dividing healthy

cells in the body, such as those in hair follicles, blood, and the

digestive tract, leading to various side effects (152). Chemotherapy

is critical in treating OC, with systemic administration being typical,

allowing the drugs to circulate through the bloodstream and target

both the primary tumor and any microscopic metastatic foci

elsewhere in the body (153). Treatment usually involves a

combination of drugs, predominantly those containing platinum

and paclitaxel, which impede tumor growth by various mechanisms

that damage the DNA of cancer cells; thus, preventing their

replication and division. Chemotherapy may serve as a primary

treatment (neoadjuvant or postoperative adjuvant chemotherapy)

to lessen tumor size and reduce recurrence risk, or as palliative care

for advanced or recurrent OC to extend survival and enhance the

quality of life. Despite chemotherapy’s role in treating OC, its side

effects and the impact on patient quality of life must be considered.

Common side effects include nausea, vomiting, hair loss, fatigue,
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low white blood cell count, and anemia. Thus, the selection and

management of chemotherapy regimens should consider the tumor

characteristics, overall patient condition, and patient preferences.

The influence of TME on the therapeutic outcomes of

chemotherapy has been thoroughly investigated. Immune cells

within tumors can suppress growth by disrupting immune

regulatory tumor cells, yet they may also foster tumor resistance

to treatment by affecting tumor immunogenicity and selecting

tumor clones that contribute to immune evasion (154).

Furthermore, immune cells in the TME play a dual role in cancer

development and metastasis. Cells such as Type 1 helper T cells

(Th1), cytotoxic T lymphocytes (CTL), and natural killer cells (NK

cells) contribute to an immune-stimulating environment.

Conversely, the regulatory cells of the TME, including Type 2

helper T cells (Th2), TAMs, regulatory T cells (Tregs), and

myeloid-derived suppressor cel ls (MDSCs), create an

immunosuppressive environment and are linked with adverse

outcomes (155). These cells either support tumor eradication or

promote tumor escape by removing immunogenic tumor cells or

modifying tumor immunogenicity (156). Additionally, chemokines

and cytokines are significant components of the tumor immune

microenvironment (TIME), playing a pivotal role in balancing

oncogenic and anti-tumor immune responses. The intricate

interactions between cancer cells and immune niches influence

immunotherapy and various other anti-cancer treatments. With

advancements in personalized medicine and targeted therapeutic

approaches, integrating chemotherapy with other treatments like

targeted therapy and immunotherapy offers more options and hope

for OC patients. It also highlights that combining agents targeting

TME and chemotherapeutics may overcome drug resistance and

yield synergistic effects.
5.2 Radiotherapy

Radiotherapy is a medical procedure that employs high-energy

radiation, such as X-rays, gamma rays, or proton beams, to address

cancer and certain non-cancerous conditions. This method

functions by damaging the DNA of cancer cells, inhibiting their

ability to divide and multiply, and ultimately resulting in their

death. Radiotherapy is typically localized to the tumor area, which

minimizes harm to the adjacent healthy tissue. It can be applied as

an independent treatment or combined with other therapeutic

strategies, such as surgery, chemotherapy, or immunotherapy, to

develop a comprehensive cancer treatment plan tailored to the

specific objectives and modalities of treatment. The primary

limitation of radiotherapy in treating OC lies in its general

indication for localized conditions, whereas OC frequently affects

multiple locations on the peritoneal surface and within the

abdominal cavity. Furthermore, the tissues within the abdominal

cavity are particularly prone to radiation-induced damage, which

restricts the safe dosage of radiation that can be administered (157).

Therefore, radiotherapy, such as palliative treatment against a single

residual tumor or treatment for the recurrence of OC, is mainly

used in specific cases of OC, especially if multiple lines of

chemotherapy are used. Nevertheless, radiotherapy continues to
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be an option for selected OC patients. In advanced stages of OC,

radiotherapy can alleviate pain, control bleeding, or manage other

symptoms; thus, enhancing the quality of life for patients. Recent

advancements in radiotherapy techniques, such as intensity-

modulated radiotherapy (IMRT), stereotactic radiotherapy

(SBRT), and proton therapy, have significantly enhanced the

precision and safety of treatments. These improvements may

broaden the application of radiotherapy in OC treatment in

the future.
5.3 Immunotherapy

Immunotherapy has emerged as a significant treatment

modality for tumors in recent years (158). Rather than directly

targeting tumor cells, immunotherapy engages the body’s immune

system to recognize and eliminate tumors. This category includes

ICIs, immunomodulators, cancer vaccines, and cellular therapies

like CAR-T therapy. ICIs are particularly crucial as they enhance

the immune response by blocking checkpoint proteins within the

immune system, such as PD-1, PD-L1, and CTLA-4. These proteins

typically maintain immune balance and prevent the immune system

from attacking normal cells, but many cancer cells exploit these

mechanisms to evade immune detection and destruction. By

inhibiting these checkpoints, the suppression is removed, allowing

the immune system to target cancer cells effectively.

The use of immunotherapy in managing OC is increasing,

although its role is less defined compared to other cancers due to

the immunosuppressive microenvironment of OC, which hampers

the ability of immune cells to infiltrate and eliminate cancer cells.

However, initial clinical trials and studies have indicated benefits for

certain OC patients, particularly those who express PD-L1 or have a

high mutational burden. Research is also ongoing in utilizing cancer

vaccines and cellular therapies in OC treatment. These vaccines aim

to prime the immune system to recognize and attack cancer cells

bearing specific antigens. While still in the early stages for OC,

immunotherapy has shown promise and offers an alternative for

patients who respond poorly to conventional treatments like

surgery and chemotherapy. As understanding of the immune

microenvironment of OC deepens and immunotherapy strategies

are optimized, it is anticipated that more effective treatment options

will be provided and outcomes for OC patients will improve.

5.3.1 PD-1 and PD-L1 inhibitors
PD-1 is expressed on the surfaces of immune cells, such as T

cells and B cells, with two ligands, PD-L1 (B7-H1, CD274) and PD-

L2 (B7-DC, CD273) (159). PD-L1 is found on subsets of activated T

cells, B cells, and macrophages, while PD-L2 is primarily on

antigen-presenting cells (160). In physiological conditions, the

PD-1/PD-L1 axis reduces inflammation-induced tissue damage

and T-cell responses, playing a role in maintaining homeostasis to

prevent autoimmune diseases (161). However, when activated T

cells express PD-1 combined with tumor cells expressing PD-LI, the

PD-1/PD-LI axis promotes immune escape from tumor cells

through a variety of mechanisms (162). The PD-1/PD-LI axis

induces T-cell tolerance by inhibiting TRC signaling (163). They
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1412328
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Chen et al. 10.3389/fimmu.2024.1412328
can also inhibit the proliferation of CD8+ T lymphocytes to

promote the death of antigen-specific T cells and tumor-

infiltrating T lymphocytes, thereby suppressing the antitumor

immune response (164). In addition, the PD-1/PD-LI axis can

inhibit the PI3K/ALK and RAS/MEK/ERK signaling pathways to

hinder the normal proliferation cycle of T lymphocytes, and the

PD-1/PD-LI axis can downregulate the phosphorylation of mTOR,

AKT, and ERK2 to upregulate the expression of PTEN, which

promotes the transformation of CD4+ T cells into Tregs and

inhibits the activity of effector T cells (165). An overview of PD-

1/PD-L1 interaction-mediated T-cell inhibition is displayed in

Figure 2. The immune checkpoint inhibitors used for the

treatment of ovarian cancer in randomized clinical trials are

summarized in Table 2.

Fukumoto et al. found that the combination of HDAC6

inhibition and anti-PD-L1 ICB exhibited a synergistic effect in

OCs with ARID1A inactivation. This therapeutic strategy notably

suppressed the transcription of CD274, the gene responsible for

PD-L1 encoding. In preclinical mouse models treated with

ACY1215, an HDAC6 inhibitor, and anti-PD-L1 ICB, there was a

significant reduction in tumor burden and an improvement in

survival rates. These favorable outcomes were linked to the
Frontiers in Immunology 14
activation and increase of IFNg-positive CD8 T cells. These

findings suggest that targeting HDAC6 in conjunction with ICB

could represent a promising approach for treating cancers with

ARID1A mutations (166). Shang et al. observed that transcript at

the distal tip (HOTTIP), interleukin-6 (IL-6), and PD-L1 were all

highly expressed in OC tissues. There was a positive correlation

between IL-6 and PD-L1 levels; furthermore, HOTTIP was found to

enhance IL-6 expression by binding to c-jun. This interaction

subsequently promoted PD-L1 expression and facilitated immune

escape in neutrophils, while inhibiting T cell proliferation and

tumor immunotherapy effectiveness. The study suggests that

HOTTIP’s role in increasing IL-6 secretion leads to enhanced

PD-L1 expression in neutrophils, impairing T cell activity and

promoting immune evasion by OC cells. Thus, targeting HOTTIP

may offer a potential therapeutic strategy for OC (167). Cai et al.

reported that PD-L1 was not significantly expressed in the TME of

human OC. In contrast, B7-H3 was found to be highly expressed in

both tumor cells and antigen-presenting cells within the tumor.

This discrepancy highlights the complexity of immune responses in

OC and suggests that other targets like B7-H3 may be crucial in

developing effective therapies. Experiments conducted on mice with

ID8 OvCa tumors revealed that B7-H3 expressed by tumor cells
FIGURE 2

PD-1/PD-L1 interaction-mediated T-cell inhibition. Many mechanisms, such as genomic aberrations, oncogenic transcription factors and pathways,
and post-translational regulation and transport, are involved in the regulation of PD-L1 expression. In addition, anti-PD-1/PD-L1 antibodies can block
the activation of PD-1/PD-L1. APCs can absorb tumor antigens and regulate T-cell responses through interactions between the main MHC and TCR.
APC can also regulate T-cell activity by regulating the interaction between PD-L1/PD-L2 and PD-1, as well as the interaction between B7 and CD28.
The figure was generated by Biorender.com.
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strongly inhibited the immune response against tumors, while its

expression on host cells did not have the same effect. Blocking B7-

H3 has been found to prolong survival in mice with ID8 tumors,

indicating that B7-H3 expressed by tumors may inhibit the function

of CD8+ T cells. This suggests that B7-H3 could be a potential

therapeutic target for patients who do not respond effectively to PD-

L1/PD-1 inhibitors (168). Lampert et al. observed varied responses

among some OC patients, where a lower overall response rate

(ORR) and a higher disease control rate (PRþSD) were reported.

Treatment was associated with enhanced expression of several

factors, increased systemic production of IFNg and TNFa, and an

increase in tumor-infiltrating lymphocytes, indicative of an

immunostimulatory environment. Notably, higher IFNg levels

were linked to improved PFS, whereas elevated levels of VEGFR3

were associated with reduced PFS. These observations suggest that

the combination of PARP inhibition (PARPi) and anti-PD-L1

therapy has modest clinical activity in recurrent OC. The use of

olaparib/duvalizumab demonstrated an immunomodulatory effect

in patients, highlighting the necessity of blocking the VEGF

receptor pathway to enhance the efficacy of this combination

treatment (169). Zhang et al. reported that the use of abcetinib as

monotherapy significantly increased CD8+ T-cell and B-cell

infiltration in an ID8 mouse model of OC, indicating potential

benefits of this approach in enhancing anti-tumor immunity. The

analysis showed that abercetinib induced proinflammatory immune

responses in the TME. Compared with control cells, abciximab-

treated ID8 cells secreted more CXCL10 and CXCL13. The

synergistic antitumor effect of abemaciclib and anti-PD-1

combination therapy depended on CD8+ T cells and B cells. The

research argues that the combination of cyclin-dependent kinases 4

and 6 inhibitors (CDK4/6i) with anti-PD-1 antibodies enhances the

effectiveness of anti-PD-1 therapies and holds significant potential

for the treatment of OC characterized by poor immune infiltration

(170). Wan et al. identified that bivalent antibodies activate T cells

and natural killer (NK) cells, leading to NK cells transitioning from
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an inactive to a more active cytotoxic state. This transformation

suggests a substantial role of NK cells in the immune response

induced by ICB in HGSC, highlighting the involvement of

previously uncharacterized CD8 T cells in mounting an immune

response. The observed alterations were partially attributed to the

downregulation of the bromodomain-containing protein BRD1 by

double-stranded antibodies. These findings suggest that modifying

the state of NK cells and T cell subsets could be essential for eliciting

an effective anti-tumor immune response and propose that

immunotherapies, such as BRD1 inhibitors, which can induce

such changes, may enhance treatment efficacy against HGSC

(171). Yang et al. discovered that the presence of CXC-chemokine

ligand 13 (CXCL13) in culture stimulates the expansion and

activation of CXCR5+ CD8+ T cells in vivo. These T cells were

found to be closer to CXCL13 within tumors and showed a

propensity to migrate towards it in vitro. Additionally, patients

with higher levels of CD20+ B cells and the presence of CXCL13

exhibited improved survival rates. When used in conjunction with

anti-PD-1 therapy, CXCL13 effectively hindered tumor growth by

enhancing the influx of cytotoxic CD8+ T cells and promoting the

maintenance of CXCR5+ CD8+ T-cells within tertiary lymphoid

structures (TLS). These findings strongly advocate for targeting

CXCL13 along with PD-1 blockade as a potential therapeutic

strategy for treating high-grade serous carcinoma (HGSC) (172).

Laumont et al. found that the presence of CD39, CD103, and PD-1

together identifies specific subsets of TILs, namely CD8þ T cells and

CD4þ regulatory Tregs. The co-expression of these markers

correlates with a reduced diversity in the T cell receptor (TCR)

among triple-positive CD8þ TILs. Additionally, triple-positive

CD8þ effector cells uniquely showed higher expression of TIGIT

compared to CD4þ Tregs. This simultaneous expression signifies

the involvement of these highly activated immune cells in cytolytic,

humoral, and regulatory immune responses. Notably, triple-

positive TILs have significant prognostic value and present

promising targets for combination immunotherapy involving PD-
TABLE 2 Immune checkpoint inhibitors used related agents for ovarian cancer in randomized clinical trials.

Checkpoint inhibitor Clinicaltrials.gov Status Agents Combination agents

Identifier

CTLA-4 NCT04678102 Recruiting PHI-101 /

CTLA-4 NCT00094653 Completed Ipilimumab /

PD-1 NCT02674061 Completed Pembrolizumab Doxorubicin and Bevacizumab

NCT02054806 Completed

NCT02865811 Completed

PD-1 UMIN000005714 Unknown Nivolumab Ipilimumab

PD-L1 NCT01375842 Completed Atezolizumab Bevacizumab

PD-L1 NCT01772004 Completed Avelumab
Axitinib, Docetaxel,
and Doxolubicin

PD-L1 NCT02718417 Terminated Avelumab Carboplatin and Paclitaxel
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1 blockade as well as targeting both CD39 and TIGIT receptors

(173). Seitz et al. found that overexpression of CXCL9 leads to T cell

clustering, which results in delayed ascites formation and improved

survival rates. This chemokine had effects similar to anti-PD-L1

therapy in an ICB-resistant mouse model, although the impacts

were less pronounced in Brca2-deficient tumors. Moreover, the

clear cell subtype, known for its high responsiveness to ICB among

OC patients, exhibited a significantly greater prevalence of high

CXCL9 tumors compared to other subtypes. These findings

underscore the crucial role of CXCL9 in enhancing the efficacy of

ICB treatments for preclinical OC and suggest that CXCL9 inducers

could serve as both a viable predictive biomarker and a potent co-

administration partner for improving ICB effectiveness in this

cancer type (174). Dong et al. reported low expression of cullin 3

in OC (CUL3) and speckle-type POZ protein (SPOP). From a

functional perspective, CUL3 degrades the PD-L1 protein by

forming a complex with SPOP. By degrading the PD-L1 protein,

CUL3 overexpression inhibited tumor formation, enhanced the

chemosensitivity of mouse OC cells and reduced the malignant

features and immune escape of OC cells. The findings indicate that

the CUL3/SPOP complex facilitates PD-L1 degradation, thereby

suppressing immune evasion and enhancing chemosensitivity in

OC cells, presenting a promising therapeutic avenue for OC

treatment (175). Lv-PD1-gd T cells, developed by Wang et al.,

produced humanized anti-PD-1 antibodies. These cells amplified

tumor cell proliferation and cytotoxicity, resulting in enhanced

therapeutic efficacy and survival rates in mice harboring ovarian

tumors . There was no po ten t i a l tumor igen i c i t y in

immunocompromised NOD/SCID/g-fasted mice. In addition, Lv-

PD1- gd T cells showed excellent tolerance and safety in humanized

NOD/SCID/g-fasted mice. The experimental results suggested that

Lv-PD1-gd T cells could attenuate or eliminate immunosuppression

and maximize cytotoxicity by secreting anti-PD1 antibodies locally

in the tumor and thus could serve as a promising anticancer “off-

the-shelf” cell therapy (176).

5.3.2 CTLA-4 inhibitors
The surface of T cells expresses CTLA-4, which is a molecule

that acts as an immune checkpoint with inhibitory functions.

CTLA-4 regulates T-cell activation and maintains immune system

self-tolerance, preventing the immune system from attacking

normal tissues (161). CTLA-4 competitively inhibits immune

activation signaling and reduces T-cell activity by binding to B7

molecules (CD80 and CD86) (177). By blocking the function of

CTLA-4, CTLA-4 inhibitors can inhibit T-cell activation, thereby

improving the capacity of the immune system to recognize and

attack cancer cells (178, 179). Although CTLA-4 inhibitors have

shown significant effects in boosting immune responses, they may

also lead to overactivation of the immune system to attack normal

tissues and cause immune-related side effects (180). With an

improved comprehension of immune checkpoint pathways and

the advancement of novel immunotherapeutic approaches, the

anticipation is that CTLA-4 inhibitors and their combined

therapies will offer more efficacious treatment alternatives for a

broader spectrum of cancer patients.
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Friese et al. used a CTLA-4 blocking antibody, which was added

during initial tumor-inflating lymphocyte (TIL) culture, and found

that CTLA-4 blockade favored the propagation of CD8+ TILs in

ovarian tumor fragments. In addition, the addition of CTLA-4

blocking antibody at the initial stage of TIL culture produced more

potent antitumor TILs than did standard TIL culture. This

phenotype was retained during the rapid amplification phase.

These findings suggest that targeting CTLA-4 in the intact TME

of a tumor fragment enriches tumor-responsive TILs and thus

improves the clinical outcome of TIL-based ACT in OC (181). An

investigation conducted by Swiderska et al. focused on three

proteins associated with the immune response, namely, PD-1,

PD-L1, and CTLA-4. To assess their effectiveness, receiver

operating characteristic (ROC) curves were generated, and the

area under the curve (AUC) was calculated to determine the

sensitivity and specificity of these parameters. Utilizing Cox

regression models, both univariate and multivariate analyses were

carried out during this research endeavor. The findings from this

study strongly suggest that considering CTLA-4 as a prospective

biomarker could prove valuable in diagnosing OC while

highlighting that elevated concentrations of PD-L1 and PD-1

serve as unfavorable prognostic indicators for this particular form

of cancer (182). Chen et al. performed survival analyses on a subset

of patients who were followed up. The results showed that the

genotype and allele distribution frequency of the rs5742909 C/T

polymorphism in cytotoxic T-lymphocyte antigen-4 (CTLA-4)

differed significantly between patients and controls. Compared

with the CC genotype, the CT + TT genotype significantly

reduced the risk of developing EOC. However, no significant

correlation was detected between the rs231775 G/A and

rs3087243 G/A polymorphisms and susceptibility to EOC. The

results confirmed that in women, the CTLA-4 rs5742909 C/T

polymorphism may decrease the genetic predisposition to

EOC (183).

5.3.3 Tumor vaccines
Tumor vaccines are a new approach to immunotherapy and are

considered a highly promising therapeutic modality in the field of

tumor therapy. Tumor vaccines can induce body-specific antitumor

immune responses by actively delivering tumor antigens to the

body. Tumor vaccines can also make use of widely distributed T

cells in the body to recognize and kill tumors (184). Tumor vaccines

both improve the efficiency of tumor killing and overcome the

drawbacks of conventional difficulties in completely removing

tumors (161, 185). Currently, more clinical trials have been

conducted in the field of tumor vaccines. However, most of the

trials have small sample sizes, and a significant number of them

have not achieved the expected results. Antigens, adjuvants, vectors,

and the autoimmune status of the body play a dominant role in

causing poor results in tumor vaccines. It is important to optimize

the composition and timing of tumor vaccines with respect to these

aspects to enhance the effectiveness of the vaccine. At the same time,

the design of vaccines with individualized characteristics and

preventive ability is highly important for improving tumor

treatment and preventing tumor recurrence and metastasis.
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Adams et al. demonstrated the potential of isolating ascites

monocytes within the ID8 model and boosting their role as genuine

antigen-presenting cells (APCs) by employing Toll-like receptor

(TLR) 4 LPS, TLR9 CpG-oligonucleotide, and an interleukin-10

receptor (IL-10R) blocking antibody. Activated ascites monocytes

efficiently curbed tumors and malignant ascites in vivo. Similarly,

human ascites monocytes exhibited tumor-associated antigens

(TAAs) under steady-state conditions. Notably, activated ascites

mononuclear cells preserved their capacity to activate TALs even in

the presence of ascites fluid. The findings suggest that ascites

monocytes inherently harbor tumor antigens and can serve as

potent antigen-presenting immune cells following a brief in vivo

activation. This innovative ascites APC vaccine can be swiftly

prepared, is straightforward, and cost-effective, making it an

appealing option for OC treatment (186). Block et al. employed a

Th17 induction protocol to generate DCs and loaded them with the

HLA class II epitope of folate receptor alpha (FRa). Mature antigen-

presenting DCs were subcutaneously injected. The majority of

patients completing the respective interventions developed Th1,

Th17, and FRa antibody responses post-vaccination. Prolonged

relapse-free survival was associated with the presence of antibody-

dependent cell-mediated cytotoxicity targeting FRa. Among the

patients evaluable for efficacy, fewer than 40% remained relapse-

free at the data cutoff. The findings indicate that vaccinating DCs

with Th17-induced FRa loading is safe, induces antigen-specific

immunity, and extends remission (187). Tanyi et al. improved

vaccine-induced immune responses by combining ASA and low-

dose IL-2 with the OCDC-Bev-Cy treatment. In the ID8 ovarian

model, animals that received this treatment exhibited prolonged

survival, elevated levels of perforin T cells within tumors and CD8+

T cells specific to neoantigens, and decreased expression of

endothelial Fas ligand and intratumoral T-regulatory cells. These

findings suggest that the ID8 model holds promise for the future

development of OC trials (188). Nishida et al. observed a notable

increase in the proportion of highly active tetrameric WT1-CTLs

within CD8+ T lymphocytes (%tet-hi WT1-CTL) and a rise in

WT1235-IgG levels post-vaccination. Furthermore, the elevated

WT1235-IgG levels significantly prolonged progression-free

survival. Unfavorable clinical outcomes associated with the WT1

vaccine included lower serum albumin levels, multiple tumor

lesions, poor performance status, and excessive ascites. These

results underscore that patients with refractory OC develop

antigen-specific cellular and humoral immunity following WT1

vaccine administration. Both %tet-hi WT1-CTL and WT1235-IgG

levels serve as prognostic markers for evaluating WT1 vaccine

efficacy (189). Zhang et al. devised a fused cell membrane (FCM)

nanovaccine, termed FCM-NPs. In addition, FCM-NPs exhibited

the immunogenicity of tumor cells and the antigen-presenting

ability of DCs and stimulated naïve T lymphocytes to produce

large numbers of tumor-specific cytotoxic CD8+ T lymphocytes.

FCM-NPs demonstrated robust immune activation both in vitro

and in vivo. These findings highlight the potential of FCM-NPs to

impede OC growth and hinder metastasis. FCM-NPs are poised to

emerge as a novel tumor vaccine for OC treatment (190). As per

Fucikova et al., although a higher tumor mutational burden (TMB)

and significant CD8+ T-cell infiltration have been associated with
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improved outcomes in EOC patients undergoing conventional

chemotherapy, this correlation does not apply to female patients

undergoing DCVAC treatment. Conversely, positive responses to

DCVAC were observed among individuals with below-average

TMB levels and an excessive presence of CD8+ T-cells. These

responses were accompanied by indications of enhanced effector

function and specific tumor destruction within peripheral blood

samples. In conclusion, our findings suggest that while heavily

infiltrated “hot” EOC cases may benefit from chemotherapy,

females diagnosed with less infiltrated “cold” EOC may require a

dendritic cell-based vaccine as an alternative approach to elicit a

clinically significant immune response against cancer (191). Zhao

et al. conducted a study comparing the efficacy of co-formulated

preparations of ICC and CPMV, either naturally bonded through

CPMV-cell interactions or chemically coupled, with mixtures of

PEGylated CPMV and ICC. The results revealed that blocking ICC

interactions by PEGylation of CPMV did not significantly affect

mice inoculated with the simple mixture of ICCs and (PEGylated)

CPMV adjuvant. However, when co-formulated CPMV-ICCs were

administered, approximately 70% of the mice survived, and 60% of

the surviving mice successfully rejected tumor growth in a re-

challenge experiment. These findings underscore the necessity of

delivering cancer antigens and adjuvants together for effective OC

vaccine development (192). Kos et al. reported a clinical therapeutic

benefit in a small number of patients, including three partial

responders (PR) and three patients with stable disease (SD) for more

than sixmonths. Clinical benefit was achieved in 1/3 of immunological

responders and in less than 30% of evaluated patients. High levels of

mRNA for variousmolecules linked to terminally differentiated T cells

were expressed by immunological nonresponders in pretreatment

peripheral blood mononuclear cell samples. These findings suggest

that the combination of p53MVA and pembrolizumab

immunotherapy shows promising efficacy against tumors in

individuals with intact T-cell function in their peripheral blood. The

identification of markers indicative of fully differentiated T cells prior to

treatment could serve as a means to predict patients who are

nonresponsive to p53MVA/pembrolizumab (193).

5.3.4 Chimeric antigen receptor-T cells
CAR-T-cell immunotherapy is one of the more established

forms of cellular therapy and involves the artificial modification

of T cells taken from the patient’s body. T cells are artificially

modified by the addition of chimeric antigen receptors (CARs),

which can recognize tumor antigens, giving T cells the ability to

recognize tumor cells. The modified T cells are then infused back

into the body to achieve tumor recognition and killing (194). CAR-

T-cell therapy was initially developed for certain types of

hematological cancers (195) and has already achieved significant

therapeutic results under these conditions. The successful use of

CAR-T-cell therapy has stimulated widespread interest and

research into its application in the treatment of solid tumors. The

rapid generation and administration of CAR-T cells are shown in

Figure 3, while the antigens used in CAR-T-cell therapy for ovarian

cancer in randomized clinical trials are summarized in Table 3.

Garcia et al. reported that T cells expressing a specific chimeric

antigen receptor (CAR) targeting the Müllerian inhibiting
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substance type 2 receptor (MISIIR) demonstrated targeted

responses when exposed to antigens under laboratory conditions,

effectively eradicating tumors with overexpressed MISIIR receptors

within living organisms. Furthermore, these MISIIR CAR-T cells

recognized various types of ovarian and endometrial cancer cell

lines and exhibited the ability to destroy tumor samples obtained

from patients without harming normal primary human cells. These

results demonstrate that MISIIR-targeted therapy for OC and other

gynecological malignancies can be achieved using CAR technology.

In vitro experiments conducted by Li et al. illustrated the potent

capacity of chimeric antigen receptor T (CAR-T) cells to eliminate

OVCAR-3 cells while releasing a plethora of cytokines. Moreover,

therapeutic efficacy was observed, along with significantly

prolonged survival time in OVCAR-3 tumor-bearing mice. The

experimental findings revealed that the killing capability of dual

CAR-T cells on OVCAR-3 cells mirrored that of single CAR-T cells

in vitro. However, in vivo, the killing efficacy of dual CAR-T cells led

to a noteworthy enhancement and substantial extension of the

lifespan of mice harboring tumors. In vivo, PD1-anti-MUC16 CAR-

T cells exhibited stronger antitumor activity than single CAR-T

cells. The current experimental data may lead to clinical studies

(196). Shu et al. designed a truncated CD47 CAR without

intracellular signaling structural domains. The CD47 CAR

facilitates binding to CD47+ cells; thus, increasing the possibility

of eradicating TAG72+ cells via the TAG72 CAR. In addition, we

can reduce damage to normal tissues by monopolymerizing CD47

CAR. These findings suggest that expressing both TAG-72 CAR

and CD47-truncated monoclonal CAR on T cells may be an

effective dual CAR-T-cell strategy for the treatment of OC and is
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also applicable to other adenocarcinomas (197). Schoutrop et al.

discovered that administering CAR T cells expressing an MSLN

CAR construct incorporating the CD28 structural domain (M28z)

led to a significant extension in survival. Despite a modest response

rate, MSLN-4–1BB (MBBz) CAR T cells achieved long-term

remission. Intratumorally infiltrated M28z and MBBz CAR T

cells exhibited upregulation of PD-1 and LAG3 in response to

antigens, while the respective ligands were expressed by MSLNþ-

positive tumor cells. This suggests that immunosuppressive

pathways within the ovarian tumor microenvironment hinder the

persistence of CAR T cells. These findings highlight the promise of

MSLN-CAR T cells for OC treatment (198). Guo et al. focused on

the development of 5T4 CAR-T cells, which are second-generation

human CAR-T cells engineered to specifically target the 5T4

protein. These CAR-T cells not only secrete cytotoxic cytokines

but also exhibit lysogenic cytotoxicity against tumor cells.

Additionally, the adoptive transfer of 5T4 CAR-T cells

significantly delayed tumor formation. These findings underscore

the potential effectiveness and viability of employing 5T4 CAR-T

cell immunotherapy for OC treatment and lay a robust theoretical

groundwork for future clinical studies targeting 5T4 cells (199).

Liang et al. devised an innovative strategy to enhance the efficacy of

CAR-T cell therapy by designing a tandem CAR that targets two

antigens, one of which exhibits secretory activity (IL-12). In vitro

experiments demonstrated that compared with single-target CAR-T

cells, tandem CAR-T cells efficiently killed antigen-positive OC

(OV) cells and showed enhanced secretion of cytokines. More

importantly, the tandem CAR-T cells prolonged the survival of

mice by reducing tumor size and enhancing antitumor activity. The
FIGURE 3

Generation of the brief and administration of CAR-T cells. The production and administration of CAR-T cells in cancer patients. (A) T cells are
collected from patient blood through a single collection and genetically engineered to express CARs. After amplifying CAR-T cells in vitro, they are
used in cancer patients. The reconstructed CAR-T cells are able to recognize their targets and kill tumor cells expressing that target. (B) Explanation
of the basic structure of fourth-generation CAR-T cells. The figure was generated by Biorender.com.
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TABLE 3 Antigen used in CAR-T-cell therapy for ovarian cancer in randomized clinical trials.

Molecular Clinicaltrials.gov Status Agents Primary objectives

Identifier

Mesothelin NCT03916679 Unknown MSTL-CAR-T The feasibility and safety of anti-MESO CAR-T cells in

NCT03799913 treating patients with MESO-positive ovarian cancer.

NCT04562298 Terminated MSTL-CAR-T Valuate the safety, tolerability, pharmacokinetics, and

anti-tumor efficacy profiles of the LCAR-M23 CAR-T-cell therapy.

NCT03814447 Unknown MSTL-CAR-T Determine the safety and feasibility of anti-MESO CAR-T

cells therapy for Refractory-Relapsed Ovarian Cance

NCT04503980 Unknown MSTL-CAR-T Valuate the safety and tolerability of autologous MSLN-CAR-T

Cells secreting aPD1-MSLN-CAR T cells in patients with solid tumors.

NCT05372692 Completed MSTL-CAR-T The effect of MSTL-CAR-T in patients with mesothelin-positive

drug-resistant relapsed ovarian cancer.

NCT01583686 Terminated MSTL-CAR-T Evaluate the safety of the administration of anti-mesothelin CAR engineered.

peripheral blood lymphocytes in patients receiving a nonmyeloablative

conditioning regimen, and aldesleukin. Determine if the administration

anti-mesothelin CAR engineered peripheral blood lymphocytes and

aldesleukin to patients following a nonmyeloablative but

the lymphoid depleting preparative regimen will result in clinical

tumor regression in patients with metastatic cancer.

NCT03054298
Active,

not recruiting MSTL-CAR-T Establish safety and feasibility of both intravenous administration and local

delivery of lentiviral transduced huCART-meso cells with or

without lymphodepletion.

NCT02580747 Unknown MSTL-CAR-T Determine the safety and feasibility of the MESO CAR-T,

determine the duration of in vivo survival of CART-meso cells.

NCT05568680 Recruiting MSTL-CAR-T Assess the safety, feasibility, and potential activity of a single

intravenous (IV) dose of SynKIR-110 administered to subjects
with mesothelin-

expressing advanced ovarian cancer, mesothelioma, and cholangiocarcinoma.

NCT02159716 Completed MSTL-CAR-T Establish the safety and feasibility of intravenously administered lentiviral

transduced CART-meso cells administered with and
without cyclophosphamide

in a 3 + 3 dose escalation design in patients with metastatic pancreatic cancer,

serous epithelial ovarian cancer, or pleural mesothelioma.

NCT03025256
Active,

not recruiting MSTL-CAR-T
To determine the safety and/or recommended dose of intrathecal

(IT) nivolumab

in combination with systemic nivolumab treatment in melanoma and

lung cancer with leptomeningeal disease (LMD).

MUC16 NCT05239143 Recruiting
PD1-MUC16-

CAR-T
To determine the safety, tolerability and response of P-MUC1C-ALLO1

in adult

subjects with advanced or metastatic epithelial derived solid tumors.

MUC1 NCT04025216 Terminated CART- TnMUC1 To determine the safety, tolerability, feasibility, and preliminary efficacy of

(Continued)
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results demonstrated that IL-12-secreting tandem CAR-T cells can

enhance immunotherapeutic efficacy by reducing tumor antigen

escape and improving T-cell function, which may be a promising

strategy for the treatment of OV and other solid tumors (200). Chen

et al. illustrated the effectiveness of anti-MSLN CAR-T cells in

treating OC by inducing programmed cell death in MSLN-positive

tumor cell lines. This led to suppressed tumor growth and increased

cytokine levels compared to control groups. Subsequently, an in

vivo experiment targeted OC-derived xenografts, demonstrating the

safety and efficacy of autologous anti-MSLN CAR-T cell therapy for

patients with this condition. These findings reinforce the potential

efficacy of employing an anti-MSLN CAR-T treatment strategy for

OC and offer initial data for future clinical trials (201). Shen et al.

developed a novel CAR-T-cell therapy that effectively targets

TM4SF1 for OC treatment. In vitro experiments demonstrated

that CAR-T cells can specifically eliminate TM4SF1-positive

tumor cell lines, while in vivo studies revealed that these modified

immune cells significantly inhibited SKOV3-derived tumor growth.

Possible therapeutic options for the management of OC may

involve targeting TM4SF1, which has encouraging potential.

Furthermore, there is a possibility for the advancement of

immunotherapy utilizing TM4SF1 as a basis (202). Schoutrop

et al. evaluated the therapeutic efficacy of MSLN-CAR-T cells and

the characteristics and number of different MSLN-CAR-T cells and

found that M1xx CAR-T cells had greater antitumor potency and

durability than conventional second-generation M28z and MBBz

CAR-T cells. In addition, M1xx CAR-T cells exhibited improved in

vitro generation capacity and were characterized by self-renewal

genes. These findings indicate that MSLN-CAR T cells, which

express a mutated CD3z strand containing only one

immunoreceptor tyrosine-based activation motif (ITAM),

demonstrate enhanced potential for treating OC. Employing CAR

T cells with precisely calibrated activation potential may lead to

improved clinical responses in solid tumors (203). Ranoa et al.

conducted a comparative analysis on the efficacy of four Tn-

dependent CARs with different affinities toward the Tn antigen.

The 237 CAR and a mutant with significantly higher affinity, along

with a CAR with lower affinity, effectively controlled advanced
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ID8Cosmc-KO tumors. Tumor regression was more pronounced

with a single dose of intraperitoneal intravenous CAR. The most

successful CARs were associated with the antigen possessing the

highest affinity. Furthermore, less effective CARs exhibited tonic

signaling, leading to cytokine expression independent of the

antigen. These findings provide evidence for the potential use of

affinity-enhanced CAR-T cells in treating advanced OC, where

different patterns of inflammatory cytokine release were observed

in vitro among successful CARs. Importantly, Tn-dependent CAR-

T cells, which are considered highly effective, do not exhibit any

toxicity to the immune system of tumor-bearing mice (204). Xu

et al. conducted a thorough investigation into the therapeutic

potential of PTK7 CAR-T cells against OC, both in vitro and in

vivo. Their study unveiled significant PTK7 expression in OC

tissues and cells, indicating its suitability as a target for CAR-T

cell therapy. Through the TREM1/DAP12 signaling pathway,

researchers observed robust cytotoxicity of PTK7-targeted CAR-T

cells against OC cells expressing PTK7 in laboratory settings.

Additionally, these engineered immune cells effectively eradicated

tumors in animal models. These findings suggest that employing

TREM1/DAP12-based PTK7 CAR-T cell therapy shows promise as

an innovative approach for treating OC; however, further

evaluation is necessary to determine its safety profile and clinical

efficacy through rigorous clinical trials (205). Mun et al. developed

Muc16-specific CAR T cells (4H11) capable of producing a

bispecific T cell engager (BiTE), composed of a TCR mimetic

antibody (ESK1). This BiTE selectively binds to the WT1-derived

epitope RMFP, presented by the HLA-A2 molecule. Compared with

4H11 CAR-T cells alone, secreted ESK1 BiTE redirected additional

T cells toward WT1 on tumor cells, resulting in improved

anticancer activity against Muc16-overexpressing cancer cells.

These observations were made in both laboratory experiments

and a mouse model of tumors. This novel strategy of dual

orthogonal cytotoxicity targets distinct surface and intracellular

tumor-associated antigens, indicating potential for overcoming

resistance to CAR-T cell therapies not only in EOC but also in

other malignancies (206). Mondal et al. characterized an important

cluster of positively charged residues known as PPCR within
TABLE 3 Continued

Molecular Clinicaltrials.gov Status Agents Primary objectives

Identifier

CART-TnMUC1 cells engineered to express a CAR capable of recognizing

the tumor antigen, TnMUC1 and activating the T cell.

TAG72 NCT05225363 Recruiting TAG72-CAR T To evaluate the safety and tolerability of TAG72-CAR T cells in

participants with recurrent epithelial ovarian cancer (EOC).

To determine the maximum tolerated dose (MTD). III. To identify the

recommended phase 2 dose (RP2D).

FSHR NCT05316129 Recruiting FSHCER-CAR T Evaluate the safety of treatment with FSHCER-CAR T, with or without

conditioning chemotherapy in participants with recurrent or

persistent ovarian, fallopian tube, or primary peritoneal cancer.
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domain 2 of the Fas protein structure. This cluster plays a crucial

role in blocking apoptotic signaling triggered by mutated forms of

either FasL or Fas, thereby affecting both tumor cells and T cells.

Furthermore, our study sheds light on how Fasl interacts with its

receptor, Fas, at the PPCR interface through various mechanisms.

These findings suggest that employing death agonists could

potentially offer an effective therapeutic avenue for targeting FAS

and improving cancer immunotherapy outcomes, not only for OC

but also for various solid tumors (207). Biotec et al. verified the high

expression and consistency of the tumor-associated antigen FOLR1

in primary OC samples. Subsequently, a range of potential CAR T

cells were engineered to target the identified markers, and their

efficacy against OC cell lines was validated in laboratory and animal

models. Ultimately, an automated manufacturing process for these

candidate CAR T cells was developed through additional laboratory

tests. These results underscore the potential of utilizing anti-FOLR1

CAR T cells as a therapeutic strategy for treating OC and other

tumors expressing FOLR1 (208).
6 Discussion and prospects

OC is difficult to diagnose at an early stage, and its five-year

survival rate is low. Henceforth, it is crucial to develop new methods

for early screening of OC and new therapeutic strategies. As the role

of the TME in OC metastasis has received increasing attention,

understanding the interactions between immune cell molecules in

the TME and tumor cells at primary and metastatic sites and

elucidating the molecular mechanisms of the TIME and tumor

cells in OC metastasis are urgently needed to provide guidance for

the clinical development of new diagnostic markers and therapeutic

targets for OC. Since most tumor cells are weakly immunogenic, it

is difficult to induce specific immune responses against these

antigens in the body. Immunotherapies, such as vaccines to

stimulate the host antitumor immune response, the application of

genetically engineered cytokines, the infusion of immune effector

cells, etc., to assist surgery, radiotherapy, and chemotherapy, in the

treatment of OC, have promising application prospects. The

intricate interplay between cancer genomic alterations and the

complex microenvironment poses challenges to the development

of effective immunotherapies. Successful immunotherapy for OC

hinges on stimulating antigen-presenting cells, mitigating the

suppressive immune microenvironment, and enhancing effector

T-cell activity. The modulation of cell-mediated immune

responses entails both inhibitory and stimulatory signals. Immune

checkpoint receptors play a crucial role in dampening T-cell

activation to prevent hyperactivation. Figure 4 illustrates the

constituents and therapeutic targets of the TME.

Certain types of tumors express immune checkpoints, allowing

them to evade the immune system hence blocking these checkpoints

is crucial in immunotherapy. Lysovirus therapy, a novel anti-tumor

strategy, triggers an immune response against tumors by rapidly

proliferating and ultimately killing tumor cells in response to

lysovirus infection (209). While immune checkpoint inhibitors

have shown promise in various tumors, their efficacy in OC

therapy is relatively low. To enhance the anti-tumor response
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rate, several studies are combining them with chemotherapy or

small molecule inhibitors as adjuvant therapy. However, applying

CAR-T cell therapy to solid tumors faces challenges like effective

penetration into tumor tissues, overcoming immunosuppressive

factors, and minimizing damage to normal tissues. Despite these

challenges, CAR-T cell therapy holds significant potential in cancer

treatment. Ongoing research explores new target antigens,

improved CAR designs, novel management strategies, and

combination therapies to expand CAR-T therapy’s application

and efficacy. As research advances, CAR-T cell therapy is

expected to offer hope to more cancer patients. Immunotherapy

represents a paradigm shift in OC treatment, but effectively

enhancing its efficacy remains a priority. A deeper understanding

of the OC immune microenvironment and immune escape

mechanisms could lead to novel therapeutic strategies. By using

cutting-edge technologies, personalized immunotherapy can be

implemented by consider ing tumor biology and the

microenvironment. Therefore, investigating the integration of

chemotherapy with immunotherapy or other strategies is essential

to improve efficacy and mitigate immune escape in OC treatment.

Given its poor prognosis and high mortality rates, OC has

presented significant challenges in treatment, especially in advanced

stages where options are scarce. Immunotherapy holds potential for

OC treatment, offering better survival outcomes, long-lasting

responses, and manageable safety profiles in advanced cases.

Nonetheless, current single-agent studies have not yielded

substantial survival benefits. In addition to the immunosuppressive

properties of OC, this may be due to the complexity of the OC

microenvironment, which prevents the activity of immune cells and

should, therefore, be targeted by the TME. Temporal factors play a

crucial role in modulating the suppression of the immune response

and tolerance, as well as influencing the quantity and functionality of

TILs. Elucidating the interplay between OC cells and the surrounding

mesenchymal environment is imperative for identifying effective

therapeutic approaches and reliable prognostic biomarkers. All

elements of the TME must be taken into account when devising

new therapeutic approaches, particularly for “variable tumors” or

“cold tumors.” These strategies may involve initiating T-cell

responses, utilizing vaccines and CAR-T cells targeting neoantigens

in tumor cells, inducing immunogenic cell death in in situ vaccination

strategies, and simultaneously targeting checkpoint inhibitors

responsible for T-cell dysfunction or failure.
7 Conclusion and prospectives

In this study, we conducted a thorough analysis of the diverse

cellular components within the TME and their functions in

controll ing OC progression and treatment responses.

Furthermore, we offered a detailed evaluation of the obstacles

linked to ICI-based therapies in OC. Altogether, advancing our

understanding of the TME will facilitate the development of precise

and effective treatment approaches for OC.

The tools currently employed to examine the TME include

genomics to investigate gene expression features in high-grade

serous ovarian cancer. Verhaak et al. identified four distinct
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genetic categories in a study on ovarian tumors, designated as

differentiated, immune responsive, mesenchymal, and proliferative

(210). It has been determined through IHC that T lymphocytes are

increased in the immune-responsive group, while an increase in

connective tissue proliferation associated with infiltrating stromal

cells is noted in the mesenchymal group. The survival outcomes for

patients in the immune-responsive group are the most favorable.

Several malignant tissues exhibit more than one of these four gene

clusters. These findings were corroborated using an independent

dataset of 879 high-grade serous ovarian cancer expression profiles.

Additional insights into survival outcomes and platinum resistance

were gained using survival prediction models related to BRCA1/2

mutation status, postoperative residual disease, and disease staging

(210). Therefore, the development of similar gene classification

models might assist in selecting patients for targeted or

immunotherapy, or in predicting patient prognosis. For instance,

it has been observed that patients exhibiting mesenchymal traits

may respond more effectively to therapies such as angiogenic

inhibitors. Additional methods for studying the high-grade serous

ovarian carcinoma TME include integrating proteomics with other

genomic data (211), and employing multiple parameter analysis

techniques (such as gene expression, matrix proteomics, cytokine

and chemokine expression, ECM parameters, and biomechanical

properties) on single biopsy samples to enhance understanding of

the events occurring within the tumor tissue (212). Novel tools for

investigating ovarian TME include the utilization of artificial
Frontiers in Immunology 22
microenvironments to monitor the progression of ovarian cancer

(213). The TME is a complex and dynamic entity that may vary

between primary disease and recurrence. In devising more effective

treatments, it is crucial to consider existing immune suppression

and emerging mechanisms of therapeutic resistance (214). Cancer

treatment with immunotherapy has not achieved the same success

as treatments for other types of cancer (215). Combining

immunotherapy, such as PD-1 blockade, with other checkpoint

inhibitory molecules like anti CTLA-4, anti TIM-3, anti LAG-3,

PARP inhibitors, kinase inhibitors, chemotherapy drugs (216),

dendritic cell vaccines, CAR T cell therapy (217), or other

therapies have been validated to be successful measures to

overcome multiple immunosuppressive mechanisms in TME. In

fact, targeting complements in OC-TME is a new approach to

developing effective immunotherapy. A randomized phase 2 clinical

trial (NCT04919629) is currently underway, investigating the

combination of a complement inhibitor, anti-PD1, and anti-

VEGF for recurrent ovarian cancer patients. The results of this

trial may guide future strategies involving complement inhibition in

ovarian cancer TME alongside other treatments.
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OC ovarian cancer

EOC epithelial ovarian cancer

TME tumor microenvironment

ICs immune checkpoints

ICIs immune checkpoint inhibitors

ECM extracellular matrix

CAFs cancer-associated fibroblasts

TACs tumor-associated cells

TAMs tumor-associated macrophages

NK natural killer

DCs dendritic cells

TANs tumor-associated neutrophils

MDSCs myeloid-derived suppressor cells

CTLs cytotoxic T lymphocytes

CTL cytotoxic T lymphocytes

NK natural killer

PDK1 pyruvate dehydrogenase kinase 1

VEGF vascular endothelial growth factor

TGF-b tumor growth factor-b

CTLA-4 cytotoxic T-lymphocyte antigen-4

IL-10R Ab interleukin-10 receptor-blocking antibody

TLR Toll-like receptor

LPS lipopolysaccharide

rCTHRC1 recombinant CTHRC1 protein

CRIg complement receptor

CCC clear cell carcinoma

DDP TPL+cisplatin

ZEB1 zinc E box binding isozyme 1

s mCAFs metastatic CAFs

POSTN periostin

CM conditioned media

DDR2 Discoidin Domain Receptor 2

NFs normal fibroblasts

EVs extracellular vesicles

OS overall survival

cKO stroma-specific knockout

NFs normal fibroblasts

EMT epithelial-mesenchymal transition
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CDDP cisplatin

CRMP2 Collapsin response mediator protein-2

SDF-1a stromal derived factors-1a

TIME tumor immune microenvironments

PF peritoneal fluid

CSF2 colon-stimulating factor 2

PARPi PARP inhibition

ORR overall response rate

APCs antigen-presenting cells

CXCL13 CXC- chemokine ligand 13

ICB immune checkpoint blockade

TIL tumor-inflating lymphocyte

TAA tumor-associated antigen

TLR Toll-like receptor

FCM fused cell membrane

CAR chimeric antigen receptor

CAR-T chimeric antigen receptor T

RMF RMFPNAPYL

ALPS autoimmune lymphoproliferative syndrome
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