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Ovarian cancer represents a typically immune “cold” tumor, where obvious

immunosuppression, spatial T-cell exclusion, and cellular dysfunction

collectively limit immunotherapy effectiveness. Especially in high-grade serous

ovarian carcinoma (HGSOC), the immune low-response state is driven by

complex interactions among tumor-associated macrophages (TAMs),

suppressive stromal networks, and the T-cell compartment (regulatory T cells,

Tregs, and exhausted effector T cells). Emerging multi-omics technologies—

particularly single-cell RNA sequencing and spatial transcriptomics—have

showed the heterogeneity and spatial immune organization underlying this

suppressed state. Here, we integrate these datasets to describe TAM

phenotypes and spatial niches, T-cell exhaustion, Tregs accumulation, NK-cell

dysfunction, and stromal barriers that enforce exclusion. We then derive

phenotype-guided combination strategies to remodel the tumor

microenvironment and improve responsiveness to immune checkpoint

blockade. This synthesis provides a concise, multi-dimensional framework for

precision immunotherapy and for overcoming resistance in immune-low

ovarian cancers.
KEYWORDS
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1 Introduction

Ovarian cancer is one of the most common gynecologic

malignancies among women worldwide, with more than 320,000

cases of incidence and more than 200,000 deaths in 2022,

accounting for approximately 4.0% of cancer-related deaths in

women (1–4). its high lethality stems mainly from late diagnosis,

heterogeneity, and poor response to standard treatment (5). Among

them, high-grade serous ovarian carcinoma (HGSOC) is the most

common histologic subtype with high genetic instability and

complex immune escape features (6).

In recent years, although immune checkpoint blockade (ICB)

has significantly improved patient prognosis in a variety of solid

tumors, its therapeutic efficacy in ovarian cancer remains limited

(5–8). Particularly in HGSOC, the objective remission rate of PD-1/

PD-L1 monotherapy is generally low, much lower than that of

immunosensitive tumors such as melanoma (8, 9). This clinical

manifestation is mainly attributed to the tumor microenvironment

showing a typical “immune low-response state”.

The immune low-response state is characterized by impaired

antigen presentation, lack of effector T-cell infiltration, activation of

immune escape pathways, and enrichment of immunosuppressive

cells (e.g., TAM, Treg, and MDSC). In ovarian cancer, this state can

be further subdivided into: immune-cold tumors, in which there is

an almost complete lack of T-cell infiltration in the tumor tissue,

reflecting the absence of antigen recognition or primitive activation

signals; and immune-excluded tumors, in which T-cells are trapped

in the tumor margins or stromal regions, making it difficult for

them to enter the core of the tumor, which is usually associated with

tumor associated fibroblasts (CAF), TGF-b signaling, and disturbed

chemokine axis (10, 11).

With the rapid development of emerging multi-omics

technologies such as single-cell RNA sequencing and spatial

transcriptomics, researchers have been able to reveal the

heterogeneity of immune cells in tumors, their genealogical

trajectories, functional depletion, their spatial localization and

interaction patterns with single-cell resolution, and their spatial

localization and interaction patterns at single-cell resolution,

providing an unprecedented opportunity to deeply analyze the

nature of immune hyporesponsiveness (12–14).

The aim of this review is to systematically integrate the key

studies based on scRNA-seq and spatial genomics in recent years, to

comprehensively elucidate the cellular composition, spatial

structure, and key signaling pathways of the immune low-

response state of ovarian cancer, to identify potential therapeutic

targets, and to explore multi-targeted combined immunotherapy

strategies and precise subtyping methods. Through multi-omics

cross-validation and immuno-mapping, we expect to provide

theoretical support and translational pathways for breaking the

bottleneck of drug resistance in ovarian cancer immunotherapy and

promoting individualized treatment practice.
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2 Genomic heterogeneity and
immune microenvironment
characteristics of ovarian cancer
histologic subtypes

Ovarian cancer can be divided into several subtypes according

to its histological features, including high-grade serous ovarian

carcinoma (HGSOC), low-grade serous ovarian carcinoma

(LGSOC), endometrioid ovarian carcinoma (EnOC), clear cell

ovarian carcinoma (CCOC), mucinous ovarian carcinoma

(MOC), and ovarian carcinosarcoma (OCS) (15). These

histotypes exhibit marked inter- and intratumoral heterogeneity,

with distinct genomic programs, immune-microenvironment

features, and clinical behavior (6, 16–24).
2.1 The Genomic and immune landscape
of HGSOC

HGSOC is themost common subtype, and almost all of them carry

TP53 mutations (6, 25). p53 protein encoded by TP53 senses stress

signals, such as DNA damage, and induces cell cycle arrest, senescence,

apoptosis and autophagy, etc. Mutations in TP53 result in failure

of the above regulatory functions, which leads to chromosomal

instability (CIN) and tumor growth. Mutations lead to failure of

these regulatory functions, resulting in chromosomal instability and

increased tumor heterogeneity, promoting tumor progression and drug

resistance (26). Approximately 50% of HGSOCs have homologous

recombination repair defects (HRDs), some of which are driven by

BRCA1/2 mutations (27, 28). These tumors typically have a higher

neoantigenic load, a more significant tumor infiltrating lymphocyte

infiltration, and are accompanied by upregulation of immune-related

signals such as the PD-1-PD-L1 pathway, features that suggest they

may have some immunotherapeutic potential (29–31).

However, CD8+ tumor-infiltrating lymphocytes (TILs) in

BRCA1/2 mutant ovarian cancer were found to be more prone to

enter a state of depletion, and their reactivation after anti-PD-1

treatment was relatively weak (32). In addition, it was demonstrated

that PD-L1 expression is often associated with markers of immune

activation (e.g., granzyme B, T-bet, and IFN-g) as well as inhibitory
markers (e.g., PD-1, CTLA-4, LAG3, etc.) were co-expressed,

suggesting that immune activation and immune suppression

mechanisms may co-exist in this type of tumor microenvironment,

forming a complex state of immune regulation (30, 31).

On the immune map, HGSOC can also be classified as “immune

cold”, “rejection” and “inflammatory”. Among them, some HGSOC

are inflammatory, with abundant tumor-infiltrating lymphocytes,

and may be more sensitive to immune checkpoint inhibitors (ICIs)

(20, 33). However, it has been pointed out that early-stage HGSOC

usually have low immunoreactivity, and present “cold”
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microenvironmental characteristics, suggesting that the immune

status has both temporal and spatial characteristics. This suggests

that the immune status is dynamically heterogeneous in time and

space (34).

Recent single-cell RNA-seq in stage I HGSOC shows an

immunosuppressive TME (35). FOXP3+ Tregs are abundant and

likely suppress CD8 T cells and antigen-presenting cells through

CTLA-4 with CD80/86 and through TGF-b1 signaling. Tissue-

resident NK cells expressing CD103 and CD49a frequently show

high NKG2A and reduced cytotoxicity. LAMP3+ DC and lipid-

associated tumor-associated macrophages are also present. These

early features support an immune-cold phenotype from tumor

onset and inform the Treg- and NK-focused mechanisms and

therapies (35).
2.2 Divergent features of non-HGSOC
subtypes

In contrast, the immune profile of MOC showed a

predominantly “immunocold” or “rejectionist” pattern, with

sparse CD8+ T-cell infiltration and a low proportion of PD-L1+

macrophages, suggesting a lack of effective immune response

potential macrophages, suggesting a lack of effective immune

response potential (36). EnOC and CCOC also show a high

degree of heterogeneity in molecular and immune characteristics.

The mutation spectrum of the former is close to that of endometrial

cancer, with common mutations such as CTNNB1, PIK3CA and

ARID1A; while the latter is characterized by ARID1A deletion and

high expression of HNF1B, which may be related to the immune

escape and drug resistance mechanisms (37, 38).

Distinct ovarian cancer histotypes differ markedly in molecular

features and also in immune reactivity and therapeutic sensitivity. This

indicates that the immune-low state is not driven by a single mechanism

but reflects the coevolution of tumor biology and the immune

microenvironment. In recent years, single-cell transcriptomics, single-

cell chromatin accessibility sequencing, and spatial transcriptomics have

enabled single-cell–level dissection of the cellular composition,

functional states, and spatial organization of the tumor immune

microenvironment, progressively revealing the cellular and molecular

underpinnings of the immune-low state in ovarian cancer (12–14).

Notably, high-resolution datasets for non-HGSOC remain limited and

often small, and related conclusions require validation in larger cohorts.
3 Immunosuppressive
microenvironment and multi-omics
decoding in ovarian cancer

The ovarian cancer tumor microenvironment (TME) comprises

malignant epithelium, stromal elements, and diverse immune

lineages that vary by histotype, stage, and site. Recent single-cell

and spatial multi-omics (scRNA-seq, scATAC-seq, spatial

transcriptomics, proteogenomics) resolve cell identities, states,

and neighborhoods at high resolution. We leverage these datasets
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to delineate key suppressive circuits—including TAM polarization,

T-cell dysfunction with Treg accumulation, CAF-mediated barriers,

and NK-cell inhibition—and to place them in spatial context

(Figure 1A). The immune compartment spans innate cells

(TAMs, dendritic cells, myeloid-derived suppressor cells, NK

cells) and adaptive cells (T, B, and plasma cells).
3.1 Macrophage polarization

Invasion and metastasis are hallmarks of cancer. In addition to

the well-recognized hematogenous and lymphatic metastatic routes,

cancer cell dissemination can occur via the transcavitary route,

which is typical of ovarian cancer. Macrophage TAMs are the main

immunoregulatory cells of the tumor microenvironment and play a

role in promoting tumor growth and dissemination to secondary

sites (39–41).

The polarization status of macrophages is significantly affected

by local microenvironmental factors. interferon-gamma (IFN-g)
and TNF-a induced the transformation of TAM to M1 type,

which exerted pro-inflammatory and anti-tumor effects; while M2

type macrophages formed under the driving force of factors such as

IL-4, IL-10, IL-13, TGF-b, and CSF1, which manifested the high

expression of receptors such as CD163 and CD206. It promotes

angiogenesis, stromal remodeling and tumor invasion, and recruits

Tregs and suppresses effector T cells by secreting TGF-b, IL-10,
CCL2, etc., constructing an immunosuppressive microenvironment

(42–51). It was found that M2-type TAMs were highly enriched in

HGSOC and were involved in the secretion of cytokines, such as

TGF-b, IL-10, and VEGF, to promote angiogenesis, and their

number was closely associated with advanced disease and poor

prognosis (50–52).

M2 polarization is not only driven by cytokines, but also closely

related to the metabolic status of the TME. For example, lactate

released from hypoxic regions can induce differentiation of human

monocytes towards M2-like phenotype and enhance their pro-

tumorigenic and pro-inflammatory properties by stabilizing the

autocrine circuit with CSF1 via HIF-1a signaling (53). Recent

research studies also revealed that hyaluronic acid secreted by

EOC cells can deplete macrophage membrane lipid raft structures

via cholesterol efflux, thereby enhancing their responsiveness to IL-

4, weakening the response to IFN-g, a process that relies on STAT6

and the PI3K/AKT pathway to further drive M2 polarization (54).

Izar et al. observed an increased tendency for conversion of the M1

to an M2-like state in samples from patients receiving platinum-

containing chemotherapy, suggesting that treatment-associated

microenvironmental changes can be malleable (55).
3.2 T-cell dysfunction

In addition to TAM, T cells play a key role in ovarian cancer

immunosuppression (56). Although high levels of CD8+ tumor-

infiltrating lymphocytes are often associated with a better prognosis

in patients with ovarian cancer, the antitumor activity of TILs is

severely suppressed in most patients.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1667464
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Yan et al. 10.3389/fimmu.2025.1667464
Studies have shown that T cells in TME generally exhibit a

depleted phenotype, as evidenced by persistently high expression of

co-inhibitory receptors such as PD-1, LAG-3, and TIM-3, and

functional loss of cytotoxicity (e.g., IFN-g, TNF-a, and IL-2)

along with a loss of proliferative capacity (57). The molecular

features of these TILs involve impairments in TCR signaling (e.g.,

PD-1 blockade of Lck-mediated ZAP70 phosphorylation) and

activation of depletion-associated programs driven by multiple

transcription factors (e.g. TOX, NR4A, IRF2, etc.) (58–63). DNA

methylation modifications also accelerate the formation of the

terminal depletion state, and DNMT3A-mediated epigenetic

reprogramming limited their responsiveness to ICIs (64, 65).

In addition, a portion of TILs entered an irreversible senescence

state, accompanied by phenotypes such as telomere shortening and

enhanced Senescence-associated b-gal expression, which further

weakened their response capacity. The formation mechanism may

be related to the continuous stimulation by tumor antigens and pro-

inflammatory factors (e.g., IL-6, TNF-a) (66–68).
Furthermore, T cell recruitment from the periphery to tumor

tissue is limited by multiple barriers, particularly in “immune-

excluded” tumors, where successful T cell homing and infiltration

of the tumor parenchyma is dependent on the presence of a

“permeable” vascular endothelium. The successful homing of T

cells and infiltration of tumor parenchyma is dependent on the

presence of “permeable” vascular endothelium. However, in
Frontiers in Immunology 04
immune-excluded TME, these series of cell adhesion molecules

(e.g., selectin, ICAM-1, VCAM-1, etc.) are often down-regulated or

spatially impaired, significantly impairing T-cell adhesion and

exocytosis (69, 70).

Tregs and MDSCs, as major immunosuppressive cell

populations, also play a key role in the maintenance of T cell

dysfunction. Tregs inhibit effector T cell activation through

mechanisms such as the expression of CTLA-4 and the secretion of

TGF-b and IL-10, while MDSCs interfere with T cell proliferation

and effector function through multiple pathways such as the

depletion of L-arginine, secretion of reactive oxygen/nitrogen

species, etc (71). A study has identified a novel mechanism by

which MDSCs further induce CD8+ T-cell functional decline

through the GPR84 signaling axis. This study found that GPR84

can be transferred from MDSCs to CD8+ T cells via exosomes

(Exosomes), which in turn activate the p53 signaling pathway and

induce them to enter a senescent state. Impaired proliferative capacity

and functional decline were observed in GPR84 overexpressing CD8+

T cells, whereas knockdown of GPR84 or p53 partially restored T cell

effector function (71). Transcriptome analyses further confirmed that

treatment of GPR84+ MDSCs significantly enhanced the proliferative

capacity of CD8 +T cell activity of the p53-related pathway in T cells,

which is closely related to their phenotypic senescence (71).

Tregs accumulate in HGSOC primary tumors and malignant

ascites and suppress antitumor immunity via the CTLA-4–CD80/
FIGURE 1

Multi-omic profiling and immune landscape of ovarian cancer. (A) Integration of single-cell and spatial multi-omic technologies to dissect cellular
composition and spatial organization in the ovarian cancer TME. (B) Inflamed phenotype. (C) Immune-excluded phenotype (D) Immune-cold
phenotype.
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CD86 axis and IL-10/TGF-b–mediated pathways. The follicular

regulatory subset (Tfr; CXCR5+CD25+FOXP3+) is increased in

ovarian cancer; in CD8–Tfr co-cultures, Tfr cells inhibit CD8+ T-

cell activation in an IL-10–dependent manner with supportive

evidence for TGF-b cooperation (72). In malignant ascites from

epithelial ovarian cancer, effector-type Tregs are increased,

positively associate with CD8+ PD-1, and frequently express

CCR4—supporting a Treg-enriched, checkpoint-high suppressive

milieu and pointing to the CCL22/CCL17–CCR4 axis as a

recruitable, and potentially targetable, node (73).These

observations support the immune-low phenotype of HGSOC and

help explain the modest activity of PD-1/PD-L1 monotherapy.

T-cell dysfunction stems not only from exogenous intervention

of suppressor cell populations, but also from an imbalance in T-cell

self-regulation in the context of continuous antigenic stimulation

and a harsh metabolic environment. As a result, ICIs therapies

targeting co-inhibitory molecules are often difficult to reverse the

deep depletion state, suggesting that more precise therapeutic

strategies, such as metabolic reprogramming, epigenetic

regulation, and multi-targeted interventions, need to be explored

in order to improve the clinical benefits of immunotherapy for

ovarian cancer.
3.3 CAF

Cancer-associated fibroblasts, as a key immunoregulatory hub

in TME, are widely involved in extracellular matrix (ECM)

remodeling, tumor cell migration, angiogenesis, and immune

regulation (74). In recent years, single-cell RNA sequencing has

revealed that CAFs are highly heterogeneous, and can be subdivided

into myofibroblastic CAFs, inflammatory CAFs, iCAFs, and other

functions. iCAFs) and other functional subgroups, among which

there are significant differences in molecular markers, spatial

distribution and immune functions.

Izar et al. identified four subpopulations of CAFs based on

scRNA-seq analysis of ascites-derived HGSOC samples, two of

which were enriched in immune-related factors such as CXCL1/2/

10/12, IL6 and IL10, suggesting that they have immunomodulatory

functions. These CAFs are referred to as “inflammatory CAFs” or

“iCAFs”, which promote tumor immune escape and drug resistance

through the secretion of cytokines, recruitment of immune cells, and

activation of the JAK/STAT pathway. For example, IL6 secreted by

CAFs activates the STAT3 signaling pathway in cancer cells and

macrophages, enhancing pro-inflammatory properties and

suppressing anti-tumor immune responses (55).

The JAK/STAT signaling axis is a key pathway in the ligand-

receptor interactions between CAF, cancer cells and immune cells.

The secretion of IL6 and CXCL12 by CAF activates the JAK1/2-

STAT3/5 pathway in cancer cells and enhances their proliferative

and invasive abilities, while cancer cells themselves express a variety

of downstream inflammation-related genes (e.g., IL6, TNF, IFI6,

ISG15, etc.), forming self-excitation or positive feedback loops (75).

The activation of this pathway is thought to be an important

mechanism of tumor heterogeneity and immune tolerance, and in
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the PDX model established by Izar et al. the JAK/STAT inhibitor

JSI-124 significantly inhibited tumor growth and ascites formation,

suggesting it as a potential therapeutic target (55).

CAFs shape the “immune cold” state through inflammatory

factor secretion, cellular interactions, and signaling axis activation,

which not only promotes tumor progression but also significantly

affects the response to immunotherapy. In the future, functional

typing and targeted intervention strategies based on the

characteristics of CAF subgroups may provide new ideas for

improving immunotherapy response in ovarian cancer patients.
3.4 NK-cell

In HGSOC ascites and primary sites, CD103+/CD49a+ tissue-

resident NK cells (trNK) and CD8+ T cells are present; trNK

frequently exhibit high NKG2A and display robust ex vivo

cytotoxicity against ovarian tumor targets (76). This patient-

derived evidence indicates that innate effectors are present but

restrained by checkpoints and the microenvironment, which—

together with T-cell exhaustion and stromal barriers—sustain the

immune-low state. It also motivates NKG2A-directed checkpoint

release in combination with stromal modulation.
4 Spatial structure and signaling
mechanism of the immune low-
response state of ovarian cancer

The immune cold or immune excluded phenotypes of ovarian

cancer are not only reflected in the changes of immune cells, but also

rooted in the remodeling of the spatial structure of the tumor

microenvironment (TME) and the cellular communication

mechanism at a deeper level. In recent years, with the help of

multi-omics technology and spatial transcriptome studies,

researchers have revealed key mechanisms such as restricted

immune cell recruitment, suppression of effector functions, and

aberrant activation of signaling axes, which provide clues for an in-

depth understanding of the nature of immune hyporesponsive states.
4.1 Spatial heterogeneity and
immunosuppressive cell localization

Ovarian cancer TME shows obvious spatial heterogeneity, which

can be broadly categorized into three types: “inflamed” (Figure 1B),

“excluded” (Figure 1C) and “cold” (Figure 1D).

In immune-excluded ovarian cancer, CD8+ tumor-infiltrating

lymphocytes (TILs) are primarily retained in the stromal region and

have difficulty penetrating the epithelial region of the tumor. The

researchers suggest that this restricted spatial distribution may be

caused by a combination of impaired permeability of the tumor

vascular endothelium, dense extracellular matrix (ECM) deposited

by CAFs, and mechanical barriers such as those constructed by

TREM2+M2-type macrophages (70, 77).
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Impaired endothelial cell activation is a typical manifestation

of rejection-type TME. In the normal immune response,

proinflammatory cytokines induce endothelial cells to express

adhesion molecules such as selectins, ICAM-1, and VCAM-1, which

form the activation plaques required for “T-cell homing” (78–81). PD-

1/PD-L1 and CD80/PD-L1 signaling axis not only act as immune

checkpoints, but also directly regulate the migration of Treg and Teff

across the lymphatic or vascular endothelium in tumors. This

signaling pathway mediates VE-cadherin junction stability and

endothelial VCAM-1 expression through PI3K/Akt, ERK, and NF-

kB-p65, thereby affecting T cell adhesion and crossing behavior (82).

Blockade of PD-1 or CD80 not only impairs T cell migration, but also

promotes tumor immune infiltration and tumor control in in vivo

models. In addition, prostaglandin E2 (PGE2), vascular endothelial

growth factor A (VEGF-A), and endothelin-b secreted by tumor cells

synergistically induced vascular endothelial cells to overexpress FAS

ligand (FASL), which selectively induced effector T cells (e.g., CD8+T

cells (e.g., CD8+T cells) through the FAS-FASL pathway, whereas

Tregs were virtually unaffected (69, 70, 83, 84). This mechanism of

selective exclusion not only prevented tumor-specific effector T cells

from penetrating the vascular barrier to enter the tumor parenchyma

but also maintained immunosuppressive mechanisms such as Tregs.

This “selective rejection” mechanism not only prevented tumor-

specific effector T cells from penetrating the vascular barrier into the

tumor parenchyma, but also maintained the enrichment of

immunosuppressive cells, such as Tregs, which further solidified the

immunosuppressive state of rejected TMEs (69, 85).

CAF constructs a matrix structure with high rigidity and low

permeability by secreting factors such as TGF-b, VEGF, and

CXCL12, and enhancing the expression of collagen fiber

remodeling genes (e.g., COL11A1, COMP, and FN1) (55, 86). This

type of “de-activated” matrix not only hinders the migration and

penetration of effector T cells, but may also limit their chemotactic

recruitment through the formation of chemical gradients.
4.2 Immune signaling axis and cellular
communication mechanisms

The immune signaling axis in the tumor microenvironment

(TME) of ovarian cancer builds a complex intercellular

communication network, which plays a key role in the formation

of the immune low-responsive state (Figure 2). Several studies have

shown that typical immune signaling pathways, such as CXCL12-

CXCR4, VEGF-VEGFR, IL-6-JAK-STAT3, and TGF-b-TGFbR, are
They are widely present in the interactions among cancer cells,

CAFs, TAMs, MDSCs, Tregs and TILs, and regulate the homing,

differentiation, depletion and rejection of immune cells, thus

solidifying the “rejection-type” and “desert-type” immune

phenotypes. The “rejection” and “desert” immune phenotypes

(87). Coagulation-linked gene signatures in melanoma track

immune infiltration and prognosis, suggesting that coagulation–

inflammation coupling may also modulate the ovarian cancer TIME

and merits targeted evaluation (88).
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In particular, cancer-associated fibroblasts (CAFs) secrete a

variety of chemokines and cytokines that synergistically induce

the expression of FASL in vascular endothelial cells, mediate

selective apoptosis of effector CD8+ T cells, and promote the

enrichment of Tregs, MDSCs, and other cells (89). In addition,

the PGE2-EP2/EP4 axis can play an important role in

chemotherapy and other therapeutic treatments. EP4 axis can be

upregulated after genotoxic stresses such as chemotherapy,

inducing iron death (ferroptosis) in depleted TILs and inhibiting

their effector differentiation capacity, exacerbating immune

clearance deficits (85, 90).

Notably, recent studies have revealed that ovarian cancer stem

cells (OCSCs) not only possess strong immune escape ability, but

also actively participate in the construction of the immune signaling

axis by interacting with TAMs, CAFs and the hypoxic

microenvironment.Cancer stem cells induced TAMs to secrete

factors such as IL-6, IL-8, and TGF-b, which activated the STAT3

and SMAD pathways, maintained their stemness and promoted the

recruitment of immunosuppressive cells (91–93). Meanwhile,

WNT5a and IL-6 secreted by CAFs activated the ROR2/PKC and

JAK/STAT3 axis, enhancing the self-renewal and immune escape

ability of OCSCs (93, 94). In addition, OCSCs themselves highly

express PD-L1 and immunosuppressive factors (e.g., IDO1, CCL5,

CXCL2), which can recruit Tregs, inhibit the function of TIL, and

construct an “immune cold” microenvironment (93). “Combining

the latest findings from single-cell and spatial transcriptomic data,

OCSCs are considered to be the coordinators of multiple signaling

axes in immune hyporesponsive states, and their spatial localization

and functional activity are gradually becoming potential targets for

precision immunotherapy (95).

Interactions between NK cells and myeloid populations can

constrain NK effector function and facilitate immune escape. In

ascites and primary sites, CD103+/CD49a+ tissue-resident NK cells

frequently express the inhibitory receptor NKG2A, consistent with

a “present-but-restrained” NK state (76). Dendritic cells can further

modulate NK activation via checkpoint/ligand engagement and

soluble mediators; in particular, DC-derived PGE2 and IL-10 act

as negative regulators that limit NK activation and migration (96).

Beyond cytokines and chemokines, extracellular vesicles also

mediate cell–cell communication: in hepatocellular carcinoma,

exosomes reprogram TAMs, DCs and T cells and reshape the

immune microenvironment; analogous vesicle-mediated

pathways likely operate in ovarian cancer and warrant direct

evaluation (97).

The immune signaling axis in ovarian cancer is not only the

basis of cellular communication, but also works together to

maintain a complex immune escape program through network

interactions with components such as cancer stem cells,

immunosuppressive cells, and CAF. The high heterogeneity and

dynamic plasticity of this network structure determines the

limitations of single-target intervention strategies, suggesting that

multi-target blockade, synergistic signaling axes and other precise

strategies are needed to break the immune hyporesponsive state and

achieve a more effective therapeutic response.
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5 Exploration of tumor
microenvironment as a combination
therapy

The treatment of ovarian cancer mainly includes surgery

combined with platinum-containing chemotherapy, and some

patients with BRCA mutation or HRD positivity can receive

PARP inhibitors (e.g., Olaparib) for maintenance therapy (20, 98–
Frontiers in Immunology 07
102). The antiangiogenic drug Bevacizumab is also used in

patients with recurrent or advanced disease (103). Immune

checkpoint inhibitors have shown good efficacy in a wide range of

tumors, but are ineffective as single agents in ovarian cancer,

with an objective remission rate of less than 15%. Studies have

shown that ovarian cancer is often characterized by “immune

hyporesponsiveness”, such as low TIL infiltration and enrichment

of immunosuppressive cells, which significantly limits the

application of ICIs.
FIGURE 2

Cellular interactions within the ovarian cancer TME.
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Therefore, current research focuses on combination therapy

strategies to remodel TME and reverse the immunosuppressive

state to enhance immunotherapy response. In particular, TME

characterization based on single-cell and spatial profiling is

driving the exploration of individualized combinations of multiple

target classes and pathways (Table 1).
5.1 Tumor-associated macrophages as
combination therapy targets

TAMs are one of the most abundant immunosuppressive cells

in ovarian cancer TME, which mainly exhibit M2-like phenotype

and are involved in immune escape, angiogenesis, tumor cell

migration and drug tolerance. In recent years, multiple

therapeutic strategies targeting TAM have been proposed,

including recruitment blockade, depletion and clearance,

phenotypic re-education, promotion of phagocytosis restoration

and signaling pathway modulation, and some of these strategies

have entered clinical trials.

TAM recruitment is dependent on the CSF1/CSF1R signaling

axis, and several monoclonal or small molecule inhibitors (e.g.,

pexidartinib) have demonstrated good TAM removal and immune

activation effects in trials (113, 114). IPI-549, a selective inhibitor of

PI3Kg, also blocks TAM recruitment and polarization, restores CTL

activity and produces synergistic effects in combination with

ICIs.211 The PI3Kg-selective inhibitor IPI-549 also blocks TAM

recruitment and polarization, restores CTL activity and produces

synergistic effects with ICIs. ICIs to produce synergistic effects in

combination (115). TLR agonists (e.g., TLR7 agonist 852A, TLR8

agonist motolimod), although with limited efficacy as

monotherapies in EOC, induce local immune activation and

enhance the potential for ICIs response (116, 117).

TAM acts as an antigen-presenting cell and its phagocytosis is

inhibited by CD47 and CD24. Blocking the CD47-SIRPa axis

significantly enhances macrophage-mediated tumor phagocytosis,

which has been shown to be effective in EOC models, and several

anti-CD47 monoclonal antibodies (e.g., magrolimab) are in clinical

trials (107). However, due to the widespread expression of CD47, a

new generation of bispecific antibodies and fusion proteins are

being developed to reduce side effects and improve specificity.

In addition to clearance and re-education, immunosuppressive

factors secreted by TAM can also be directly targeted. IDO is a key

metabolic enzyme, and inhibition of its expression restores CD8+T

and NK cell function. Although IDO inhibitors (e.g., epacadostat)

failed phase II trials in EOC, combining them with A2aR

antagonists demonstrated metabolic reversal potential, providing

new ideas for future combination therapy.

TAM expresses immune checkpoint molecules such as PD-L1,

which can limit T cell activation. Although anti-PD-L1 monoclonal

antibodies have limited efficacy in EOC alone, combining them with

TAM-targeted drugs, PARP inhibitors, and anti-angiogenic drugs

significantly enhances therapeutic response. For example,

durvalumab in combination with olaparib has boosted TIL

infiltration and remission rates in multiple EOC trials and is now
Frontiers in Immunology 08
entering the phase III trial DUO-O (NCT03737643) to validate its

maintenance therapy effect.
5.2 Immunotherapeutic strategies targeting
T-cell depletion and senescence

T-cell dysfunction is one of the core mechanisms of limited

response to immunotherapy, which mainly consists of T-cell

depletion and senescence, which are commonly characterized by

decreased cellular function, up-regulation of inhibitory receptor

expression (e.g., PD-1, TIM-3), and metabolic imbalance (11).

To slow the depletion process, one strategy is to reduce the

antigenic load, e.g., by attenuating sustained antigenic stimulation

with chemotherapy, targeted therapy, or radiotherapy, which helps

to preserve T-cell activity and enhance ICIs response.

Targeting functional recovery of depleted T cells, metabolic

reprogramming is considered a key breakthrough. It has been

found that TILs in ovarian cancer are often accompanied by

mitochondrial dysfunction and aberrant upregulation of oxidative

phosphorylation (OXPHOS), which in turn induces SIRT1 activation

and accumulation of metabolic stresses.OXPHOS inhibitors and

SIRT1 inhibitors can reverse TIL depletion by regulating cellular

metabolic pathways. Beyond mitochondrial OXPHOS and SIRT1,

stress and regulated cell-death programs also track immune

contexture and therapy response in other cancers. Necroptosis-

related gene sets in melanoma, disulfidoptosis-related lncRNA

models in colon cancer, and an aggrephagy-related lncRNA

signature in pancreatic cancer all stratify prognosis and immune

features. These cross-cancer signals suggest that proteostasis and

RCD pathways may shape T-cell dysfunction and immunotherapy

benefit. Ovarian cancer–specific modeling and prospective validation

are warranted before clinical translation (118–120).

In addition, engineered T-cell therapies are slowing down the

aging and depletion process by modifying signaling pathways and

epigenetic states. In the future, TCR-T and CAR-T products

incorporating anti-depletion molecular modules are expected to

enhance the durable immune effects in ovarian cancer treatment

(121). In immune-low HGSOC, releasing NKG2A-mediated

inhibition on tissue-resident NK cells together with stromal

remodeling may augment responses to PD-1/PD-L1 therapy (76).

Notably, single-cell data from stage-I HGSOC indicate that a Treg-rich

suppressive milieu with dysfunction of CD8 T cells, NK cells, and DCs

is already established, suggesting that microenvironment-remodeling

strategies may need to be considered earlier in the disease course (35).
6 Conclusion

The state of immune hyporesponsiveness in ovarian cancer

significantly limits its therapeutic efficacy. This article reviews the

immune escape mechanisms of immune cells such as TAMs and

depleted T cells, and summarizes the current major targeted and

combination therapy strategies. With the development of single-cell

histology and spatial transcriptome technologies, we have gained a
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TABLE 1 Combination immunotherapy strategies for immune low-response ovarian cancer.

Combination therapy
Stage Status Identifier Reference

Phase I Completed NCT02526017

Phase II Terminated NCT02923739

Phase I Completed NCT01494688 (104)

Phase I/II Terminated NCT02452424

Phase II Completed NCT01735071 (105)

Phase II Completed NCT00319748

Phase II Completed NCT01666444 (106)

Phase I Completed NCT03719326

Phase I Completed NCT03329950

Phase I Completed NCT03558139 (107)
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Mechanism type Representative
targets

Interventions strategies and
indications

Tumor-Associated
Macrophages (TAMs)

Blocking TAM recruitment CSF1-CSF1R

Cabiralizumab
Cabiralizumab in combination
with Navulizumab in advanced

solid tumors.

Emactuzumab (RO 5509554)
(RG-7155)

Paclitaxel and bevacizumab ±
emactuzumab for platinum-

resistant ovarian/tubal/primary
peritoneal cancers

RO5509554 Paclitaxel alone or
in combination for advanced

solid tumors

Pexidartinib (PLX3397)

PLX3397 in combination with
pembrolizumab for advanced
melanoma and other solid

tumors

TAM Clearance TRAILR Trabectedin

Trabectedin in combination
with bevacizumab ±

carboplatin in advanced
ovarian cancer.

Re-education/polarized TAM

TLR

852A

TLR Agonist for the Treatment
of Breast, Ovarian,

Endometrial, and Cervical
Cancers

Motolimod (VTX-2337)

VTX-2337 in combination with
PLD for recurrent/persistent

epithelial ovarian/tubal/primary
peritoneal cancer

PI3Kg IPI-549
AB928 in combination with
PLD ± IPI-549 for advanced
TNBC or ovarian cancer

CD40 CDX-1140

CDX-1140 alone or in
combination with CDX-301,

pembrolizumab, or
chemotherapy for advanced

malignancies

Promotes TAM phagocytosis CD47-SI Magrolimab (Hu5F9-G4).

Magrolimab in Combination
with Avilimumab for

Progressive Ovarian Cancer
and Other Solid Tumors
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TABLE 1 Continued

Combination therapy
Stage Status Identifier Reference

Phase I Completed NCT04406623

Phase II Completed NCT05751629

Phase II Completed NCT01847677

Phase I/II Completed NCT02166905

Phase I Completed NCT02737787

Phase I/II Completed NCT03287674

Phase II Completed NCT02674061 (108)

Phase II Completed NCT02865811 (109)

r
Phase I/II Completed NCT03394885

Phase III Completed NCT03038100 (110, 111)
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Mechanism type Representative
targets

Interventions strategies and
indications

(Progression within 6 Months
Post-Platinum)

CD40 SL-172154 (SIRPa-Fc-CD40L) SL-172154 for Ovarian Cancer

Inhibits the tumor-promoting
function of TAM

VEGF-VEGFR Bevacizumab

TSR-042 Combining
Bevacizumab with Niraparib in
Recurrent Ovarian Cancer

Preoperative Chemotherapy ±
Bevacizumab for Advanced

Ovarian Cancer

IDO1 INCB024360 (epacadostat)

CDX-1401 in combination wit
Poly-ICLC and INCB024360 in

patients with NY-ESO-1/
LAGE-1 positive epithelial

ovarian/tubal/peritoneal cance
in remission.

T-cell dysfunction Delay/reverse T-cell depletion PD-1

Nivolumab

WT1 or NY-ESO-1 vaccine in
combination with Nivolumab
for recurrent ovarian cancer

ACT in combination with
checkpoint inhibitors for
metastatic ovarian cancer

Pembrolizumab (MK-3475)

Pembrolizumab Monotherapy
in Subjects With Advanced
Recurrent Ovarian Cancer

Pembrolizumab Combined
With PLD For Recurrent

Platinum Resistant Ovarian,
Fallopian Tube Or Peritoneal

Cancer

Atezolizumab

Atezolizumab With
Neoadjuvant Chemotherapy fo

Patients With Newly-
Diagnosed Advanced-Stage

Ovarian Cancer

Atezolizumab Versus Placebo
in Combination With

Paclitaxel, Carboplatin, and
h

r
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TABLE 1 Continued

ive
Interventions

Combination therapy
strategies and
indications

Stage Status Identifier Reference

Bevacizumab in Participants
With Newly-Diagnosed Stage

III or Stage IV Ovarian,
Fallopian Tube, or Primary

Peritoneal Cancer

Ipilimumab

Combination of Nivolumab
and Ipilimumab in Breast,
Ovarian and Gastric Cancer

Patients

Phase II Terminated NCT03342417

TIL Therapy in Combination
With Checkpoint Inhibitors for
Metastatic Ovarian Cancer

Phase I/II Completed NCT03287674

LY2228820

LY2228820 Combination of
gemcitabine and carboplatin in
platinum-sensitive ovarian

cancer

Phase I/II Completed NCT01663857 (112)

n Metformin

Metformin in combination
with carboplatin/paclitaxel in
advanced ovarian cancer

(OVMET)

Phase I Completed NCT02312661
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CTLA-4

Inhibits T-cell senescence p38 MAPK

T-cell metabolic
reprogramming

AMPK activatio
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deeper understanding of the complex composition and

immunoregulatory network of TME, and have provided a new

direction for precision immune intervention (122).

Future studies should further integrate single-cell histology,

spatial transcriptome and TCR/BCR profile tracking to clarify the

functional status and dynamic evolutionary pathways of different

subtypes of immune cells; meanwhile, strengthen the design of multi-

targeted combinatorial therapies to break through the current

bottleneck of the efficacy of ICIs in ovarian cancer. Precise typing

of tumormicroenvironment and individualized immune intervention

will be the key breakthrough to enhance the long-term survival of

ovarian cancer (95). Given that immune composition can vary by

disease stage and sampling site, conclusions should be interpreted in

that context. Prospective studies and clinical trials ought to stratify by

stage and sampling site and tailor interventions accordingly, with the

goal of overcoming resistance and achieving durable survival benefits.
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