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Although research has begun to take a more systems-level approach, much of it still overlooks the broader picture of how the tumor
microenvironment plays a role in ovarian cancer’s therapeutic resistance. For example, over 80% of these patients experience
recurrence, a fact that has fueled debate over the “right” strategies in targeting the tumor and its metastasis'’. This review
aims to facilitate that shift by synthesizing findings and considering how cell-cell communication in the ovarian cancer tumor
microenvironment (TME) can affect tumor progression, plasticity, and resistance to therapy, ultimately identifying mechanisms
that are still poorly understood but proven to be important for improving outcomes. To achieve this, we conducted a systematic
literature review of peer-reviewed studies using databases such as Google Scholar, PubMed, and the NCBI. In this paper, we
focused on signaling interactions between the various components of the TME and how some of the major pathways, such as
TGF-f, IL-6, and Wnt act together to help modulate the tumor-supportive environment. While preclinical evidence suggests
therapeutic promise in targeting these pathways, clinical validation remains limited and inconsistent. To address this gap, this
paper profiles a wide range of literature in order to identify the overarching trends, highlight key advances and challenges, and
compare/contrast findings across various experimental models. By synthesizing results from both preclinical and clinical research,
it aims to show how cell-to-cell communication affects recurrence and treatment resistance and ultimately where future research
can make the greatest impact.
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Introduction

Ovarian cancer is one of the most lethal gynecologic cancers,
often termed a “silent killer” due to its vague symptoms, like
bloating, abdominal pain, and fatigue, which are frequently
mistaken for less serious conditions?. Consequently, the dis-
ease is typically diagnosed at an advanced, metastatic stage. In
the U.S. alone, approximately 20,890 new cases and 12,730
deaths are projected in 2025, underscoring the urgent need for
improved therapeutic strategies>. Therefore, addressing this
critical challenge requires a comprehensive understanding of
ovarian cancer’s underlying biology, which requires us to look
beyond the cells themselves and pivot towards the environment
that truly supports them.

This disease primarily affects postmenopausal women and
is influenced by both genetic and environmental factors. For
example, BRCA1 and BRCA2 mutations significantly increase
risk, whereas obesity and hormone replacement therapy are
also contributors®. Most studies in recent years of ovarian can-
cer research have focused primarily on intrinsic mutations and
chemotherapy resistance of tumor cells. However, the field is

shifting to acknowledge the tumor microenvironment (TME)
as equally important. The TME is a biological ecosystem that
consists of the extracellular matrix (ECM), signaling molecules,
specialized immune cells, cancer-associated fibroblasts (CAFs),
and cancer stem cells (CSCs)2 . The ECM refers to proteins
and fibers that surround cells and help regulate their behavior,
whereas signaling molecules (i.e., cytokines and growth fac-
tors) coordinate communication between different cell types©.
Immune cells are specialized cells in the body that recognize
foreign substances and protect against infectious diseases. CAFs
are fibroblasts that become pro-tumorigenic under the influence
of the tumor, which means that they shift from their normal role
in wound healing to one that supports cancer growth”. Lastly,
CSCs are a unique group of cancer cells that retain some stem-
like properties in that they self-renew and are at least partly
treatment-resistant®. In healthy tissue, the components of this
biological ecosystem are important for regulating repair, main-
taining immune balance, and setting the conditions to properly
support normal cell growth. But in the instance of ovarian cancer,
these same systems will become hostile to the body, whereby
fibroblasts are pro-tumorigenic, immune cells are suppressed,
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and ECM signaling is rewired in ways associated with invasion
and survival, as illustrated in Figure 1. These components not
only coexist with the tumor, but they also have been correlated
with angiogenesis, immune evasion, and drug resistance®.

Despite significant advancements in surgery and chemother-
apy, overall survival rates for ovarian cancer remain poor due
to frequent relapse and acquired drug resistance'lV. These is-
sues have become increasingly linked to intercellular TME-
mediated cell signaling properties that drive tumor plasticity
and immunomodulation. Paradoxically, most of the current
treatments still only target the tumor itself. Importantly, the
progress being made in ovarian cancer therapeutic strategies,
including 3D organoid modeling’' and immunotherapy"#, has
begun to reveal the complexities of TME signaling at an un-
precedented level of detail. This makes the present a crucial
moment to revisit how this microenvironment is a main driving
factor of this deadly disease.

However, we must also consider that ovarian cancer repre-
sents a heterogeneous disease with a variety of histological
subtypes, including high-grade serous, clear cell, endometrioid,
and mucinous carcinomas, each with distinct genetic alterations
and tumor microenvironments. Each subtype has its own ge-
netic alterations and tumor microenvironments, meaning that
signaling pathways may not operate in the same way across
them. For instance, clear cell carcinoma is typically associated
with hypoxia-inducible HIF-1 signaling that is separate from the
pathology of high-grade serous disease. This variability helps
explain why therapeutic responses differ between patients and
reinforces that intercellular communication in the TME plays a
critical role in driving recurrence and therapy resistance, though
often in subtype-specific ways.

In consideration of these rapidly changing areas of under-
standing, this systematic review will analyze data concerning in-
tercellular signaling that occurs within the ovarian cancer TME,
with a particular focus on its impact in promoting disease pro-
gression and resistance. In particular, we focus on TGF-, IL-6,
and Wnt pathway signaling, along with the roles of CAFs, other
immune cells (including Tregs and TAMs), CSCs, and ECM
remodeling behavior. Our goal is to synthesize and highlight
emerging and potential therapies to target the tumor-enhancing
properties of the TME.

Studies have thoroughly investigated the contributions of
CAFs, immune cells, CSCs, and signaling pathways such as
TGF-f3, IL-6, and Wnt in ovarian cancer. However, it is still not
fully understood how these signals work together as a coordi-
nated network to support phenotypic plasticity, promote immune
evasion, and help drive recurrence across ovarian cancer sub-
types. Our proposed hypothesis is that relapse is reinforced
more by the layered communication within the TME that allows
tumors to adapt after therapy than by tumor-intrinsic mutations
alone. In this paper, we synthesize evidence of these intercellular
communication networks in order to profile how they contribute

to therapy resistance. Through examining recent advances in
the overall understanding of ovarian cancer TME research, in
addition to highlighting existing research gaps identified in the
current literature, we ultimately aim to inform future efforts to-
ward more effective, multitargeted interventions with the intent
of treating this deadly disease.

Immune Modulation
Ovarian Cancer Fibroblasts &

Extracellular
Matrix(ECM)

Fig. 1: Bidirectional Interactions between Ovarian Can-
cer Cells and Key Components of the Tumor Microenvi-
ronment. This figure illustrates the bidirectional interac-
tions of ovarian cancer cells with the major components
of the TME: fibroblasts/stromal cells, immune cells, and
the extracellular matrix (ECM). Arrows represent the cy-
tokines and growth factors that can signal in both direc-
tions(e.g., TGF-B, IL-6, and VEGF), which together remodel
the microenvironment to support invasion, survival, and also
metastatic behavior.(https://pmc.ncbi.nlm.nih.gov/
articles/PMC11588459/) This figure illustrates how
each component has a relationship with one another and can
either work together or against each other to modulate the
ovarian cancer TME.(https://pmc.ncbi.nlm.nih.gov/
articles/PMC11275383/ ) Sources:(Yang 2020 (1);
Zhang 2022 (14))

Methods

To explore the mechanisms of intercellular communication
within the ovarian cancer TME and how it contributes to disease
progression and treatment resistance, a systematic literature re-
view was conducted between November 2024 and June 2025.
The systematic review was conducted as part of an indepen-
dent high school research project aimed at synthesizing mech-
anistic knowledge on cell signaling within the ovarian TME.
Our research began with comprehensive database searches us-
ing PubMed, Google Scholar, Web of Science, and the NCBI
database. We used Boolean combinations of keywords and
concepts in the searches including “ovarian cancer”, “tumor mi-
croenvironment,” “cell-to-cell communication,” “immune eva-
sion,” “fibroblasts,” “cancer stem cells,” “TGF-f signaling,”
“IL-6,” and “Wnt pathway.” These searches were restricted only
to peer-reviewed literature published in English from 2010 until
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2025.

Following the initial search, articles were screened by a set of
predetermined criteria; all articles that passed this first stage of
screening were then read in full text to determine adherence to
our inclusion criteria. The studies we included had to have uti-
lized either in vitro or in vivo models to study signaling between
CAFs, immune cells, CSCs, and the ECM within the ovarian
TME. Relevant clinical studies and comprehensive review arti-
cles with a mechanistic focus were also considered.

Our initial search identified approximately 240 publications
from the databases. We first briefly screened the titles and ab-
stracts for relevance and then performed full-text reviews on
about 120 articles. Articles were included if they 1) focused on
ovarian cancer, (2) investigated signaling interactions between
components of the TME (CAFs, immune cells, CSCs, ECM),
and (3) used either in vitro, in vivo, or patient-derived models.
We also included clinical studies and mechanistic review papers
when directly relevant to ovarian cancer signaling. Exclusion
criteria involved studies that (i) focused solely on other cancer
types without clear ovarian cancer relevance, (ii) lacked mecha-
nistic or signaling detail, or (iii) were not peer-reviewed. After
applying these criteria, 75 articles were included for synthesis.
This step-by-step approach ensured transparency and allowed
us to use those studies that were most relevant to the TME
communication in ovarian cancer.

From the selected eligible studies, key data and details were
extracted to analyze, such as author, year, model system (e.g.,
mouse, patient-derived sample, human cell line), signaling path-
ways studied, and relevant biological outcomes. After initial
screening, we refined the list to those that best fit our criteria for
quality and relevance.

PubMed, Google Scholar, and NCBI were used with the
following strings:(“ovarian cancer” AND “tumor microenvi-
ronment”’) OR (“ovarian” AND “CAF*”) OR(“ovarian” AND
“TAM*” OR “Treg*”) OR (“ovarian” AND “exosome*” OR
“microRNA” OR “IncRNA”) OR (“ovarian” AND “TGF-f” OR
“IL-6” OR “Wnt” OR “PDGF” OR “Hippo” OR “YAP” OR
“TAZ” OR “CXCLS8/IL-8” OR “HIF-17)

Given the diversity of the collected data, a specific narrative
synthesis approach was chosen over a meta-analysis due to the
diverse study types and endpoints encountered. This enabled
us to group studies by functional trends, such as IL-6-driven
inflammation or Wnt-associated stemness, facilitating the identi-
fication of both consistencies and contradictions across different
models. Furthermore, studies using patient-derived xenografts,
cytokine assays, or gene knockdowns were given a higher prefer-
ence. Concurrently, limitations like small cohorts or conflicting
findings across tumor stages that may impact interpretation were
noted as well.

While this review synthesizes evidence from multiple model
systems, it is important to note the strength of findings can
vary depending on the platform used. For example, in studies

where only mouse models are used, they usually demonstrate
mechanistic insight, but cannot completely embody the immune
complexity of human disease; however, xenograft models con-
sist of human tumor tissue implanted into immunocompromised
mice, and so have more direct relevance, but also have their
own limitations. Similarly, in vitro cell line studies are valuable
for isolating specific signaling effects, but they do not fully in-
corporate the stromal or immune-interactions which are seen
in patient-derived tissues. For these reasons, we have priori-
tized studies validated in patient-derived xenografts or clinical
samples, though sample sizes in human data remain modest,
and generalizability is still limited. Recognizing these differ-
ences in the strength of different evidence helps contextualize
our synthesis and underscores the importance of both integrated
and cross-model validation to better characterize ovarian cancer
TME-mediated recurrence and resistance. This comprehensive
approach allowed for the synthesis of recent research on the
ovarian cancer TME, demonstrating both development and high-
lighting important gaps in knowledge.

Results

Prior to examining individual components of the tumor microen-
vironment (TME), it is crucial to recognize that this ecosystem
is composed of various interacting cell types and structures that
interact with each other; however, to understand the abnormal en-
vironment, we must first consider the normalcy of these aspects
and how they react. The following sections will examine how
these components, beginning with cancer-associated fibroblasts,
promote ovarian cancer progression and treatment resistance.

Cancer-Associated Fibroblasts

Cancer-associated fibroblasts (CAFs) are one of the most abun-
dant stromal cell types in the ovarian tumor microenvironment
(TME), and recent research has demonstrated that CAFs play
an important role in the progression and metastasis of ovarian
cancer®. While normal fibroblasts can exhibit some degree
of activation, CAFs remain persistently activated. They can
often be characterized by their expression of o-SMA, fibroblast
activation protein (FAP), and PDGF receptors .

Recent single-cell analyses of ovarian tumors revealed multi-
ple CAF subtypes with distinct signaling and spatial patterns that
correlate with recurrence and immune suppression 219, These
ovarian-specific datasets confirm that CAF heterogeneity is func-
tionally linked to TGF-f8 and CXCL12 signaling in the ovarian
TME.

CAFs produce many crucial factors that promote epithelial-
to-mesenchymal transition, such as TGF-f8 and HGF, which are
associated with increased cell mobility and help cancer cells
escape their original location'”. Moreover, CAFs produce many
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matrix metalloproteinases (MMPs), such as MMP-2 and MMP-
9, which can degrade the extracellular matrix, and thus may aid
tumor cells in their migration, which is particularly important in
the metastatic process‘®.

Beyond their well-established roles in structural remodeling,
more recent studies support that CAFs also play critical roles
in metabolic crosstalk and immune signaling. Recent literature
(2022 - 2024) on CAFs has showcased this perspective even
further. When considering CAFs’ role in metabolic crosstalk
and immune signaling'?, researchers noted that CAFs undergo
glycolysis and release lactate and pyruvate to tumor cells, which
support oxidative phosphorylation, a process now termed the
reverse Warburg effect. This phenomenon has been reported
to support tumor cells to thrive even in oxygen-poor environ-
ments2Y, In addition, it was also often noted that CAFs would
release IL-6 and CCL2 that stimulated immunosuppressive gran-
ulocyte recruitment, either M2 macrophages or regulatory T
cells (Tregs). By releasing these cytokines, CAFs ultimately
are shown to be contributing to an immunosuppressive environ-
ment by suppressing cytotoxic T cell activity and dampening
anti-tumor immune responses L.

The various roles of CAFs indicate their promising potential
as therapeutic targets; however, clinically translating these dis-
coveries has not been straightforward. Studies have observed
that CAF behaviors varied across models, underscoring the need
for better in vivo systems“2. Several papers reported contradic-
tory results regarding whether CAF depletion was associated
with improved overall survival, suggesting that simply elim-
inating CAFs may have unintended consequences®3*%, This
inconsistency served to highlight the need for using more physi-
ologically relevant models. It illustrated just how complex and
context-dependent CAF signaling may be, reflecting a wider
discourse in the field on whether total CAF loss may in fact unin-
tentionally destabilize anti-tumor immunity. Recent single-cell
analyses of high-grade serous ovarian tumors revealed that CAFs
can form distinct molecular subtypes with unique cytokine and
ECM gene signatures specific to ovarian cancer, highlighting
greater stromal diversity than previously recognized!>!1°.

Despite these complexities, the overarching evidence does
establish that CAFs are linked to persistence and relapse of
ovarian cancer??, Furthermore, these cells have been shown to
re-secrete pro-survival cytokines and remodel the ECM post-
treatment, and so they could sustain this permissive microen-
vironment that was conducive to relapse?®. As CAF-driven
inflammation and immunosuppression reshape the TME, the
next section examines how the tumor itself converts immune

cells more directly to evade destruction®”.

Immune Cells

While the immune system is designed to detect and destroy
abnormal cells, ovarian cancer has evolved multiple strategies

to evade detection. Our review of the literature indicates that the
tumor has been reported to not only suppress immune function
but also rewires the immune cell to promote tumor metastasis,
thereby promoting tumor survival and long-term therapeutic
resistance.

One of the primary mechanisms ovarian cancer uses to evade
immune detection involves a variety of techniques to manipulate
antigen presentation and T cell activation”®. These techniques
can include downregulating major histocompatibility complex
(MHC) molecules, which are necessary for presenting tumor
antigens to cytotoxic T lymphocytes (CTLs). Without this warn-
ing signal, CTLs are unaware of how to recognize and destroy
cancer cells??. Interestingly, many ovarian tumors upregulate
PD-L1, one of the many surface proteins that bind to PD-1 re-
ceptors on T cells, and cause the T cells exhaustion. This in
return may limit the T cells from mounting a comprehensive
anti-tumor response, which occurs even when therapies like
checkpoint inhibitors are used". This mechanism is commonly
cited as one of the major limitations of immunotherapies in
ovarian cancer compared to other malignancies like melanoma
or lung cancer.

Beyond direct immune cell manipulation, a particularly active
area of research is focused on tumor-associated macrophages
(TAMs) and their phenotypic reprogramming within the TME.
Macrophages are normally flexible cells and can exist in either
the pro-inflammatory (M1) or anti-inflammatory (M2) states;
however, it appears ovarian tumors have been observed to po-
larize macrophages towards an M2-like, immunosuppressive
phenotype®l. It has been demonstrated that these TAMs can
secrete IL-10 and TGF-f to inhibit T cell activity and promote
immune tolerance=2.

Additionally, recent studies with single-cell transcriptomic
analysis of the ovarian TME also revealed distinct macrophage
populations that were enriched for immunosuppressive mark-
ers (e.g., CD163 and MRC1), confirming TAM heterogeneity
and immune-checkpoint expression unique to ovarian cancer-©.
While early studies primarily viewed TAMs as passive producers
of cytokines, more recent models suggest they may contribute
to post-treatment relapse by remodeling the extracellular ma-
trix and supporting angiogenesis through VEGF secretion=24,
This expanded understanding challenges the previous view of
macrophages as passive immune suppressors, indicating their
potential role in tumor recovery after chemotherapy. However,
the data varied across the different models used, especially be-
tween mouse and patient-derived samples, warranting further
investigation=.

Regulatory T cells (Tregs), in addition to TAMs, comprise
another important immune cell population that contributes to
the level of immunosuppression within the ovarian TME.These
cells expand within the TME and suppress CTLs through a sim-
ilar mechanism that involves the secretion of IL-10 and TGF-f3,
mirroring the effects of TAMs=> . Studies indicate that these sup-
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pressive effects often overlap, and together they create a layered
system of immune evasion that makes it extremely difficult for
host immune responses to function effectively, as well as thera-
peutic interventions to succeed=>=¢, Again, these shifts do not
happen in isolation; cytokines such as IL-6 and TNF-, secreted
by immune and stromal cells, activate subsequent downstream
signaling pathways like STAT3 and NF-xB, which in turn signal
favorable outcomes for tumor cell survival and dissemination™’
Interestingly, while inflammation has traditionally been viewed
as an indicator of immune activity, it was consistently associated
with worse outcomes in ovarian cancer, including higher recur-
rence rates. This observation contradicts the conventional views
of an ’active’ immune environment in the context of ovarian
cancer progression.

The immune manipulation described above results in an im-
munosuppressive, ’cold’ tumor microenvironment, character-
ized by limited active CTLs and many immunosuppressive
cells. Studies indicate that cold tumors are generally proven
to be much less responsive to checkpoint blockade and often
relapse easily after chemotherapy=“4". Furthermore, newer ther-
apies(i.e., immune checkpoint inhibitors, CAR-T cells) may be
promising and show potential, but it remains unclear whether
reactivating exhausted T cells alone is solely sufficient, or if
they require combination of the therapies to overcome these
deep layers of suppression*!. With this uncertainty comes the
question of whether future immunotherapies should not only de-
plete suppressive cells like TAMs and Tregs but also reprogram
them, which is an issue that has not been resolved yet in clinical
studies.

Adipocytes, Mesothelial Cells, and Omental Immune Cells

In addition to fibroblasts and the traditional immune cells,
other populations of omental stromal cells also support ovarian
cancer metastasis. These additional cells are being explored
because their place of occurrence in the omentum is the most
common site of ovarian cancer metastasis*?. Adipocytes, or
fat cells, can supply fatty acids, which have been associated
with fueling tumor growth and secreting cytokines that pro-
mote invasion*?. Mesothelial cells, which line the peritoneum
and omentum, also serve as the first layer that ovarian cancer
cells encounter when metastasizing and can be altered by tumor
signals to possibly promote adhesion and invasion of ovarian
cancer cells. There are also omental immune populations that
are in close proximity to clusters of omental immune cells called
“milky spots” (small immune hubs in the omentum) that release
inflammatory signals to help create a tumor supportive envi-
ronment for metastasis®*. Together, these cells also create a
place to allow ovarian cancer to colonize the omentum, but also
provide metabolic and immune support linked with promoting
therapy resistance.

To summarize, immune manipulation within the TME does
not only influence tumor growth but also critically contributes
to recurrence. By undermining immune surveillance and the

downregulation of recovery mechanisms post-treatment in the
ovarian TME, relapse would inherently arise at a greater likeli-
hood. A comprehensive understanding of this immune behavior
is therefore essential for developing therapeutic strategies aimed
at preventing long-term recurrence.

Cancer Stem Cells

Cancer stem cells (CSCs) are a subgroup of tumor cells that
have the ability to self-renew and differentiate into multiple
cancer cell types. This adaptability is shown to allow them to
survive treatment and evade therapy, which ultimately leads to
tumor regrowth. Several papers that often utilize patient-derived
samples or xenograft models®, in fact, cite various markers
to distinguish between CSCs from the larger, aggregate tumor
cell population, such as CD133, CD44, and ALDH]1. Recent
spatial transcriptomic studies have further shown that CSC-like
populations cluster near CAF-dense and hypoxic niches within
ovarian tumors, emphasizing that stromal context can potentially
help in driving stemness and resistance'°.

A definitional property, in combination with CSC’s inher-
ent capacity to modulate, which contributes to these tumors
recurring, is their phenotypic plasticity, especially in regard to
their ability to undergo epithelial-to-mesenchymal transition
(EMT)4. By transitioning into an EMT state, CSCs acquire
a temporary resistance to chemotherapy while also being able
to subsequently revert back to a tumor-initiating state*”. For
example, in one three-dimensional( 3D) model, it demonstrated
that CSCs could reinitiate tumors after a transition through EMT
even after chemotherapy“®. This research adds to the still ongo-
ing discussion of CSC'’s role in the occurrence of new tumors
and relapse due to the intrinsic plasticity’s ability to develop into
states of dormancy. Previously, 2D models could not address
these types of bidirectional signaling and communication; rather,
the newer organoid work demonstrated that CAFs will react to
the CSC- derived cytokines by enhancing ECM remodeling''.

Additionally, there is clear evidence that challenges this idea
of CSCs being characterized as a dormant population, as they ac-
tively participate and co-modulate with their microenvironment.
Some papers we reviewed examined different aspects of the
development of immune suppression due to IL-6 secretion from
CSCs and activation of STAT3 signaling, which enhanced their
own stemness but also represented loss of local immune surveil-
lance*?. Traditionally, IL-6 is established as a molecule that is a
promoting factor for immune cell recruitment to the tumor needs;
however, in recent findings, it also has been shown to supports
cancer stem cell (CSC) maintenance through STAT3 activation,
revealing a broader and previously underappreciated role for this
cytokine in regulating the overall tumor development. This dual
role challenged earlier models that were narrowly focused on
cytokine signaling as primarily immune-related. Using patient-
derived organoids, a study demonstrated that CSCs were shown
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to remodel the extracellular matrix in response to treatment and
not only adapted to the environment (which is usually how the
development of resistant cancer phenotypes is interpreted).
This remodeling effort of the tumor environment seems to enable
other resistant cells to persist as well.

Even though not a main focus in our review of targetable
cancer immune evasion, we should also address that in addition
to providing important autocrine function, CSCs are also able
to establish and engage in bidirectional interactions with CAFs.
As already established in several studies, CSCs typically secrete
CXCL12 and other factors that then recruit and stimulate CAFs,
which in turn promote ECM remodeling and immunosuppressive
signaling®. Although there is strong evidence linking CSCs
as a significant factor for recurrence, therapeutic targeting of
CSCs regarding their targetable forms of immune evasion and/or
signaling pathways has produced mixed results>L.

Numerous clinical trials have targeted the inhibition of CSC
signaling pathways, in particular Notch, Wnt, and Hedgehog,
but the results have largely not produced sustainable remission
and typically resulted in relapse within six months of treat-
ment duration, suggesting a need for additional therapy and
strategies”Z. Some papers we reviewed provided evidence that
targeting CSCs alone may not be enough for a successful treat-
ment intervention, especially if the TME remains supportive>-.
One area of ongoing debate is whether CSC-targeted therapies
need to be combined with other strategies that inhibit stromal
signals. For instance , one study showed that simultaneous CSC
and stromal inhibition reported improved outcomes in mouse
models, while others reported increased toxicity in a similar
approach. While these findings generate uncertainty, it further
highlights the need for more research when it comes to the
ovarian TME>15%,

These results challenge the initial assumption that CSCs are
merely drug-resistant survivors. Instead, the reviewed literature
suggests that they too contribute to relapse through their ability
to interact with and often alter the TME. Ultimately, understand-
ing how CSCs’ communication is subject to change in state,
and also how these cells modulate their environment, is crucial
for developing long-term therapeutic approaches that prevent
recurrence.

In this section, it is crucial that we should understand that
many of the resistant behaviors associated with CSCs, are not
intrinsic features of the cells themselves but rather the result of
their interactions with the microenvironment. This connection
between CSCs and the signals exchanged with adjacent stromal
and immune cells sets the stage for a further understanding of
how direct cell-cell communication is a potential driving factor
of phenotypic plasticity in ovarian cancer.

Cell-to-Cell Communication and its Impact on
Phenotypic Plasticity

Although the role of chemical signaling in the tumor microen-
vironment (TME) has been fairly studied, we found that direct
physical communication between the cells also contributed sub-
stantially to the plasticity and treatment resistance of ovarian
cancer. Junctional proteins and adhesion molecules have more
substantial purposes than just holding tissue together; tissue con-
sists of individual cells that communicate in a way that allows
tumor cells to modify their identity and survive treatment, much
like a web of dynamic feedback.

One of the critical usages of direct intercellular communica-
tion is mediated by gap junctions, particularly through Connexin
43 (Cx43). Gap junctions are cellular channels that allow the
diffusion of ions and small molecules across adjacent cells and
therefore coordinate behaviors like growth and migration>>.
Several ovarian cancer studies that used in vivo and in vitro
models reported that loss of Cx43 disrupted communication
and coordination between cells, which increased the likelihood
of epithelial-to-mesenchymal transition (EMT), a main repre-
sentation of phenotypic plasticity®®. Although gap junctions
have often been seen as structural components, newer evidence
suggests that loss of gap junctions promotes increased cellular
invasiveness and resistance to chemotherapy, highlighting their
regulatory function in tumor progression. This challenged the
earlier view of Cx43 as just a passive barrier and pointed to it as
a more regulatory component>’, Like gap junctions, adhesion
molecules also emerged as important mediators of plasticity and
survival in the cell.

E-cadherin promotes proliferation of epithelial cells by main-
taining strong cell-cell adhesion; however, in ovarian cancer, it
is often lost. In one recent model, E-cadherin downregulation
was correlated to the appearance of EMT and associated with
cancer cells being able to spread more easily after chemother-
apy=®. Integrins, on the other hand, interact with ECM proteins
and transmit mechanical signals to the cells. Structural proteins
like integrins were found to clearly influence signaling pathways
like PI3K/AKT and FAK; pathways that had been previously
characterized in cancer stem cell studies, indicating that they
were active in regulating tumor cell behavior?. Several mod-
els have also shown that integrin signaling has been linked to
pro-stemness and pro-survival in post-treatment conditions>20%,
Despite their distinct molecular roles, the consequences that
come from the disruption of both gap junction and adhesion
molecule functions ultimately arrive at one common endpoint:
enhanced phenotypic plasticity.

At first, it seemed like each of these molecules operated
in separate pathways, but across numerous models including
3D organoids58 and mouse xenografts, evidence indicates that
whether the disruption came from adhesion loss or altered ECM
sensing, the outcome was consistently associated with cells
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becoming more mesenchymal and actually more likely to sur-
vive treatment. These various molecules, although different in
structure and function, ultimately contributed to a more plastic,
therapy-resistant state.

While targeting these physical communication pathways
presents significant therapeutic promises, there is still uncer-
tainty regarding their selective modulation without disrupting
healthy tissue. For instance, there are some mouse (in vivo/vitro
) studies that agree on the premise about how restoring Cx43
has been reported to contain and reduce EMT and slow relapse,
while others®! report that Cx43 overexpression interferes with
normal repair of healthy, non-cancerous tissues. This raised a
question of whether these pathways can be modulated without
disrupting healthy tissue function.

Overall, direct cell-to-cell communication is not only impor-
tant for maintaining tissue integrity; it functions as a critical
promoter of plasticity that allows for ovarian cancer cells to
survive, adapt, and recur following therapy. Understanding how
these physical interactions influence downstream signaling path-
ways provides a better understanding of the relationship between
structural changes in the TME and the underlying mechanisms
responsible for phenotypic switching and long-term therapeutic
resistance.

Chemical Signals and Their Effects on Ovarian
Cancer

Unlike direct physical interactions, chemical signals in the ovar-
ian tumor microenvironment function at a distance and coordi-
nate the behaviors of cancer, stromal, and immune cells with
interconnected signaling pathways as shown in Figure 2. Chem-
ical signals can be soluble factors, which include cytokines,
growth factors, and chemokines. These signals work together
to not just promote phenotypic plasticity but also, in turn, help
cancer cells survive and adapt during treatment®2.

One of the most studied chemical signals in ovarian cancer
is transforming growth factor-beta (TGF-f3) found in the TME.
In early cancer stages, TGF-3 suppresses cell growth, whereas
in advanced disease stages, it seems to do the opposite®. In
addition, TGF-f also plays a role in promoting epithelial-to-
mesenchymal transition (EMT), thus helping tumor cells lose
adhesion and gain mobility and invasiveness. Multiple studies re-
ported this®. For example, one study indicated that TGF-f3 has
been shown to be a driving factor of EMT even in chemotherapy-
treated cells, which was notable because it suggests this process
occurs even after being exposed to the drugs®. These results
contrasted with earlier in vitro findings, where they examined
the role of TGF-f with respect to proliferation control and ex-
cluded findings related to plasticity or immune evasion, etc.
In respect to immune cells, TGF-f also can inhibit immune
cell activity, particularly T cells, creating a TME that favors an
immune-evasive environment .

While TGF-J is extensively used in the TME, interleukin-6
(IL-6) represents another key signaling molecule with diverse
effects on ovarian cancer progression. Throughout our review,
we had mostly seen IL-6 mentioned as an inflammation-related
cytokine; however, recent papers are describing how it also sup-
ports cancer stem cell (CSC) survival and therapy resistance, for
example, by activating the JAK/STAT?3 pathway®”. This find-
ing signified that IL-6 operates at the intersection of stemness
and inflammation, linking two processes that were previously
considered distinct in ovarian cancer biology. However, some
mouse studies have indicated that blocking IL-6 inhibits normal
wound healing, thus raising concerns about whether selective
inhibition of this cytokine in patients is conceivable®®. After the
thorough exploration of recent studies on IL6, the findings raise
uncertainty of whether IL-6 could be safely targeted or if doing
so would disrupt normal tissue recovery©®?

Another example is CXCL12, a chemokine secreted by stro-
mal fibroblasts, which also contributes to plasticity in ovarian
cancer. This chemokine binds to the CXCR4 receptor on cancer
cells and is associated with directing the cancer cells towards
supportive niches in the TME and reinforcing stem-like qual-
ities”. One study showed that this signaling loop helped re-
tain the CSC characteristics even in a low-nutrient, post-chemo
environments®. Though it added another layer to our under-
standing, it was not just about directing migration under envi-
ronmental stress but also about preserving adaptability under
duress.

Furthermore, vascular endothelial growth factor (VEGF), pri-
marily associated with angiogenesis, also exhibits unexpected
roles in promoting cancer cell plasticity?%. Models even demon-
strated that VEGF-induced hypoxia has been reported to corre-
late with EMT even without direct TGF-f3 input”2. While VEGF
is primarily linked to angiogenesis, new findings suggest it also
contributes to phenotypic plasticity by promoting identity shifts
in cancer cells. Evidence indicates that when chemical signals
are operating outside of their independent signaling roles, they
often reinforce each other’s effects on plasticity and survival 74,

In order to communicate their signals, ovarian cancer cells
make use of not only cytokines and growth factors but also
exosomes and non-coding RNA. Exosomes are small vesicles
released by cells that carry proteins, lipids, and RNA to other
cells and function to deliver packets of information”?. In the
ovarian TME, tumor-derived exosomes have been shown to pos-
sibly inhibit anti-tumor immune responses and transfer drug
resistance to neighboring cells. Non coding RNAs (ncRNAs),
such as microRNAs (miRNAs) and long non-coding RNAs
(IncRNAs), can regulate gene expression without producing pro-
teins’®, Several studies show that exosomal miRNAs can even
possibly inhibit chemotherapy-induced cell death, and IncR-
NAs have yet another mechanism of action by reprogramming
immune cells to favor tumor growth”/75,

Additionally, in this review, we have specifically exam-
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ined several central signaling pathways that are most consis-
tently implicated with ovarian cancer progression and resis-
tance to treatment, including TGF-f3, IL-6, CXCL12, VEGF,
Hippo/YAP/TAZ, PDGF, CXCLS8/IL-8, and hypoxia-induced
HIF-1 signaling. These pathways were chosen as they demon-
strate the key mechanisms of the TME in promoting phenotypic
plasticity and even survival under treatment stress 2%V, In addi-
tion to what has been previously discussed, additional pathways
are resurfacing in recent years as recognized regulators in ovar-
ian cancer progression. One of these pathways in the TME is
known as the Hippo pathway, which regulates cell growth and
division through the effectors YAP and TAZ, protein compo-
nents that move to the nucleus to activate genes that are also
linked with increased stem-like properties and therapy resis-
tance®. Their activity has been associated with the ability of
ovarian cancer cells to recur after chemotherapy. Another signal,
known as platelet-derived growth factor(PDGF), is secreted by
CAF’s to try and stimulate fibroblast growth, angiogenesis, and
extracellular matrix remodeling®%. These factors all contribute
to the development of a supportive microenvironment and con-
tribute to tumor metastasis. CXCLS8 or interleukin-8 (IL-8) is
another important chemokine that typically recruits immune
cells, such as neutrophils; however in ovarian cancer, CXCL8
is also linked with the ability to promote chronic inflammation
and even a reduced response to the platinum-based therapies®?.
The last main key signaling pathway in our search criteria was
the protein hypoxia-inducible factor 1(HIF-1) which promotes
tumor survival in the low-oxygen settings by activating genes
that regulate metabolism and an epithelial-mesenchymal transla-
tion. This consequently allows tumors to adapt when stressed
by therapy and is associated with recurrence®. All of these
pathways highlight how stress, immune, and growth signals
support but still reinforce plasticity in the ovarian cancer TME.

Overall, these diverse chemical signals converge on common
downstream pathways that can ultimately modulate tumor cell
adaptation and resistance. Regardless of their different origins,
the downstream effect appears to be similar across the signals
in that tumor cells become more adaptable, resistant to treat-
ment, and more immune evasive. This synthesis stood out to
us because it showed how the TME supports plasticity not just
through one route, but through a system of overlapping mecha-
nisms.

However, the therapeutic targeting of these complex chem-
ical signaling networks presents significant challenges. Some
preclinical models suggest that inhibition of VEGF or IL-6 can
decrease plasticity, but others report a consistent decrease, or,
worse, cite toxicity or unintended immune suppression. For
instance, while TGF-f inhibitors show promise, some studies
also reported adverse effects in epithelial repair®*. This raises
the question of whether multi-target strategies might be needed
to avoid simply trading one target effect for another.

The central role of chemical signals in shaping identity shifts

in cancer cells was a significant finding. What initially appeared
as a simple list of ’growth factors’ transformed into a complex
communication system allowing for tumor evolution and sur-
vival. This enhanced understanding offers crucial insights into
the persistent challenge of treating ovarian cancer and informs
potential avenues for future therapeutic intervention.

Therapeutic Strategies to Disrupt Cell Communi-
cation in Ovarian Cancer

As research has progressed past thinking of ovarian cancer as
a disease of dividing cells, new therapeutic strategies are now
starting to change and potentially to reflect a systems-level ap-
proach of how the tumors are able to manipulate intercellular
communication of their microenvironment to survive. Collec-
tively, from the literature, we have seen that targeting cell-to-cell
communication, either through soluble signals, ECM interac-
tions, or cell adhesion, has been associated with lowered tumor
plasticity and even enhances treatment response.

When reviewing these therapeutic strategies, it is essential to
separate findings from preclinical research from findings from
human clinical trials. Most of the evidence summarized in this
section is drawn from preclinical models, such as xenografts,
in vitro assays, and organoid systems, that all shed light on
potential mechanisms of signaling disruption within the TME.
However, only a few of these approaches, such as TGF-f and
Wht inhibition, have been studied in early-phase human stud-
ies where the outcomes have been variable. By distinguishing
between these types of evidence, this section illustrates that
while there is a great mechanistic promise in preclinical studies,
translating this mechanistic promise to consistent clinical benefit
remains an ongoing challenge for effective therapy in patients
with ovarian cancer.

One of the most extensively studied approaches involves in-
hibiting the TGF-f signaling pathway. In xenograft models,
TGF-f receptor blockade demonstrated decreased EMT mark-
ers and showed slowing of metastasis®™. The goal of these
inhibitors of TGF-f is to interrupt the signaling that allows tu-
mor cells to escape immune detection and modify phenotypes
post-chemotherapy®®.Still, several other trials have reported
immune-related side effects, suggesting dose and context may
matterS788,

Another target that has been the focus of many new therapeu-
tic approaches is Wnt/-catenin signaling due to its frequent up-
regulation in ovarian CSCs. One in vitro study demonstrated that
Whnt inhibition restored chemosensitivity in platinum-resistant
cells, reducing viability by over 50%®”, while human trials were
ineffective and have struggled with toxicity, especially in normal
gut and skin stem cells, highlighting a major challenge in finding
a usable approach®’.

In addition to targeting soluble signaling pathways, re-
searchers are also studying both biological and physical ther-
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Fig. 2: Cell-to-Cell Interactions in the Tumor Microenvironment (TME) and Their Effects on Promoting Phenotypic Plasticity.
This simplified model highlights how key cells in the ovarian cancer TME—including stromal cells, cancer-associated fibroblasts
(CAFs), cancer stem cells (CSCs), regulatory T cells, and tumor-associated macrophages (TAMs)—communicate through major
signaling pathways and cytokines. Signaling pathways such as Wnt and Notch regulate cancer cell growth and treatment resistance,
while cytokines like TGF-f, IL-10, and TNF-a contribute to immunosuppression, inflammation, and metastasis. Together, these
interactions play a crucial role in modulating the cancer’s behavior and response to therapy (Sources: 6316670172}

apies by disrupting the tumor’s physical interactions with its
surroundings. For example, integrins help cells sense mechani-
cal tension in the ECM and respond to circumstances that trigger
survival pathways under stress2L. In a mouse xenograft study, it
was found that blocking integrin ov3 reduced EMT and slowed
tumor progression. However, these studies were not able to
produce these same results in patient-derived organoids, possi-

bly due to different stromal composition or signaling feedback
loops 9293,

Targeting CAFs offers another promising avenue to treating
ovarian cancer. Inhibiting CAF-derived signals like IL-6 and
CXCL12 can destabilize the supportive TME; however, some
CAF depletion models led to impaired tissue repair and inflam-
mation rebound, which raised some concerns about long-term
safety and the potential for unintended immunosuppressive ef-
fects®?,

Similarly, attempts to modify ECM composition through stud-
ies that attempted to lessen stiffness or collagen cross-linking
have shown some success through preclinical findings. For ex-
ample, the effects of ECM softening in 3D cultures significantly

decreased invasive migration, as demonstrated in this study
These physical interventions may decrease the structural cues
promoting plasticity, especially following chemotherapy.

While traditional chemotherapy continues to be a first-line
treatment, its success is increasingly understood to be tied to
the TME’s variable response. Several studies demonstrate that
the chemotherapy-resistant cells will try to utilize their cell-cell
signaling to reinitiate tumor growth. In one such study, the
CSCs upregulated CXCR4 to migrate into protective stromal
niches 2. Thus, it is conceivable that we can at least formulate a
working hypothesis that traditional therapies might work best
when combined with agents that block all of the post-chemo
reprogramming back to the TME during this time.

Across these strategies, regardless of whether it targeted solu-
ble signaling, adhesion, or mechanical interactions, the common
theme we found was that blocking communication resulted in tu-
mors being less able to shift or survive the treatment stress. Still,
this field does present many unanswered questions. While some
interventions (TGF-f inhibition) produced decreased metastasis
effects in animal studies, other forms were not able to translate
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clinically, implying just how complex it is to selectively target
the TME without damaging healthy tissues.

Table 1 outlines the six major strategies currently being ex-
plored to disrupt the signaling networks that support ovarian can-
cer progression and recurrence. The table represents a systems-
level approach, one that focuses not only on tumor cells but
also on their surrounding environment, which is becoming more
important in ovarian cancer research. This table also illustrates
why some therapies that looked promising in mice or 3D models
still haven’t translated to safe or consistent results in humans
and provides a broader insight into the recent study findings that
have contributed to ovarian cancer’s treatment.

In order to offer a clearer review of the evidence evaluated in
the review, we compiled representative studies across the major
components of the ovarian tumor microenvironment (Table 2).
While reviewing some models (2D cell culture, xenografts, or
patient-derived organoids) in these studies, we wanted to dis-
tinguish between model systems to show where findings are
consistent, limited, or even contradictory. This distinction will
help assess to what level each of the mechanisms is supported
and which biological model system can offer insights into the
ovarian cancer progression and therapeutic resistance.

The reviewed studies consistently demonstrated that the CAF
and cytokine signaling (e.g., TGF-f, IL-6) were correlating
factors with increased EMT and therapy resistance throughout
the studies (14, 20, 58, 62), and in vitro assays supported the
mechanistic links but lacked the immune complexity. Several
CAF depletion and Wnt-inhibition studies (21, 46) contradicted
evidence from the prior studies, as those studies had limited
survival benefit or toxicity, thus underscoring context-dependent
effects. The patient-derived organoids (11, 78) had the most
physiologically relevant evidence, as they captured the stroma-
immune axis that was absent in other studies, but their findings
were again very limited in scale. In summary, these comparisons
show that the preclinical models convincingly support TME-
driven resistance; these mechanisms do not necessarily translate
to consistent outcomes in the clinical setting. Together, these
findings reveal clear research trends within the ovarian cancer
TME. As illustrated in Figure 3, chemical signaling and immune-
evasion mechanisms were reported most often, whereas physical
and exosomal communication remain less frequently explored.

Discussions

This report examined the role of cell-to-cell communication
in the ovarian TME and how it relates to cancer progression,
recurrence, and treatment resistance. In all sections of the report,
including those focused on immune cells, fibroblasts, stem-
like cancer cells, and physical signaling, we observed that the
tumor cells adaptations and survival are linked to their local
environment. In totality, these findings suggest that relapse is
not due to one cell type or communication pathway, but how

Frequency of Mechanisms Reported Across Included Studies in Ovarian Cancer TME

Chemical signaling (TGF-B, IL-6, VEGF, CXCL12, PDGF)

Immune evasion (TAMs/Tregs, cold TME)

CAF-driven remodeling / immunosuppression

CSC-driven resistance / plasticity

Mechanism Category

Direct cell-cell communication (Cx43, E-cadherin, integrins)

Exosomes / non-coding RNA

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Number of Cited Studies

Fig. 3: Frequency of mechanisms reported across included stud-
ies in ovarian cancer TME. This bar chart illustrates the fre-
quency of representation of each mechanism across studies cap-
tured in this review. Chemical signaling pathways (TGF-f, IL-6,
VEGEF, CXCL12) and the mechanisms of immune evasion were
the most often reported, while direct cell-cell communication
and exosomal signaling were reported less frequently. These pat-
terns suggest that while the literature strongly supports cytokine
and fibroblast-driven processes, physical and exosomal com-
munication remains underexplored but proves to be potentially
important in being a driving factor for recurrence and therapy
resistance. Data: based on coding of mechanisms across the 75
studies reviewed; studies that did not fit predefined categories
were excluded from category totals (see Methods)

the layers of communication interrelate with one another and
ultimately contribute to recurrence of ovarian cancer.

While it is true that many current therapies, including those
discussed in our Therapeutic Strategies section, attempt to target
fast-dividing tumor cells, we found that recurrence likely in-
volves the survival of many rare and communication-dependent
cells, which are often supported by TME signaling pathways
rather than just intrinsic mutations®”. This shift in thinking,
from treating cancer as a problem of cell division as opposed
to understanding cancer as an adaptation issue, promotes the
development of treatments that disrupt signaling, adhesion, and
immune interactions. The variable outcomes of targeting TGF-
B, Wat, or integrins highlight the difficulty of isolating one
pathway in a system where multiple signals overlap”®. Never-
theless, some of these techniques produced inconclusive data
in organoids or raised safety concerns in animal studies, espe-
cially when targeting fibroblasts/strategies that broadly suppress
signaling®®.

While preclinical models can provide valuable information,
there can be many factors involved in direct clinical transla-
tion and they often show much inconsistency across different
platform systems. Therefore, our research sought to test if an
approach to disrupting cell communication could help lessen
recurrence from ovarian cancer. While the studies we reviewed
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Table 1: Summary of Therapeutic Strategies Targeting Cell Communication in the Ovarian Tumor Microenvironment.

Therapy Target

Mechanism of Action

Supporting Evidence

Limitations/Challenges

TGF-f Signaling

Blocks signals that promote
EMT and immune evasion in ad-
vanced tumors.

Mouse studies show decrease in
EMT markers and slower metasta-
sis after administration of TGF-f3
receptor blockade.

Clinical trials have shown possible
immune side effects, though they
are dependent upon dose and con-
text.

Wnt/B-catenin Pathway

Decreases CSC-driven stemness
and resistance through interfer-
ence of the Wnt pathway.

In vitro experiments found that
chemosensitivity was restored in re-
sistant cells by over 50%.

Toxicity observed in gut and skin
stem cells may lead to limits of safe
delivery in patients.

Integrin Signaling

Blocks mechanical sensing in tu-
mor cells, which thereby leads
to loss of stress survival and pre-
venting EMT phenotype.

Xenograft studies have shown
that it slows tumor growth, but
organoids didn’t show the same ef-
fect.

Effects varied across model sys-
tems; benefits in mice were not al-
ways seen in organoids.

Cancer-Associated
Fibroblasts (CAFs)

Disrupts CAF-derived cytokines
like IL-6 and CXCL12 that pro-
mote tumor growth.

Studies found that after depleting
CAFs, there was a decrease in
pro-survival signals but sometimes
harmed tissue repair.

Pathway reports cited potential for
unintended immune suppression or
rebound inflammation signal.

Extracellular Matrix
(ECM) Remodeling

Softens the tumor environment,
which decreases migration and
plasticity post-chemotherapy

3D cultures showed that ECM soft-
ening reduced cell invasion after
chemo.

Needs more validation in human
systems; ECM targeting may affect
normal repair.

Combination with
Chemotherapy

Softens the tumor environment

CSC reprogramming via CXCR4
observed after chemo; pairing with
inhibitors blocked regrowth.

Still unclear how to time and dose
combinations without increasing
toxicity.

support this approach, results seemed to vary by model, empha-
sizing the importance of testing therapies across systems and
better understanding how TME signals interact.

Beyond the variability in experimental models, this system-
atic review also acknowledges certain limitations. One of the
significant limitations to this review was the reliance on preclin-
ical studies, particularly in vitro models and mouse xenograft
studies, which do not completely reflect the complexities of
signaling heterogeneity and immune dynamics associated with
human ovarian tumors. Additionally, several pathways we dis-
cussed, such as TGF-f3 and Wnt, may serve dual roles depending
on tumor stage or context, potentially making it harder to tar-
get them without interrupting normal tissue repair or immune
function.

Looking forward, advancing ovarian cancer treatment ne-
cessitates the development of more sophisticated models that
integrate a greater complexity of the TME. For example, patient-
derived organoids containing fibroblasts, immune cells, and
ECM components, as well as more advanced research tools such
as single-cell RNA sequencing and spatial transcriptomics, can
allow researchers to determine and evaluate what changes in sig-
naling networks occurred after an intervention. More generally,
we want to advance therapies that not only prevent elimination of
the cancer cells but also limit the recovery of the communication
networks that enable tumors to re-establish themselves.

In conclusion, by focusing on how ovarian cancer cells are
able to engage and communicate with their environment, we
gain a clearer understanding of why recurrence happens and how

we may prevent it in the future. Disrupting these communication
systems and networks in cancer, rather than simply attempting
to target cancer cells in isolation, may offer a more sustainable
long-term strategy to prevent relapse. Despite the challenges
for translating this knowledge into effective therapies, it will
always remain important to characterize the adaptive behaviors
of tumors within the TME. This systems-level view of cancer
progression will help guide the development of future treatments
that respond to not just how the tumor is evolving but also
anticipate how it will grow.
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