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Simple Summary: Ovarian cancer is a lethal gynecologic tumor and is generally resistant to conven-
tional treatments. Stable cancer-associated fibroblasts (CAFs) are important cellular components in
the ovarian cancer tumor microenvironment and may provide novel resources for future treatment
strategies. Different subtypes of CAFs display specific functions in tumor pathogenesis and various
CAF markers suggest potential treatment targets. Several clinical or preclinical trials have targeted
stromal fibroblasts and focused on the properties of CAFs to enhance ovarian cancer treatment
efficacy. This review concentrates on the origins, subtypes, and activation of CAFs, as well as specific
roles of CAFs in regulating tumor development and drug resistance, and aims to provide potential
and prospective targets for improving the therapeutic efficacy of ovarian cancer treatment.

Abstract: Ovarian cancer is a lethal gynecologic tumor and is generally resistant to conventional
treatments. Stable cancer-associated fibroblasts (CAFs) are important cellular components in the
ovarian cancer tumor microenvironment and may provide novel resources for future treatment
strategies. Different subtypes of CAFs display specific functions in tumor pathogenesis and various
CAF markers suggest potential treatment targets, such as FAP and GPR77. Both autocrine and
paracrine cytokines play important roles in the CAF activation process and regulate tumor progression.
Downstream mediators and pathways, including IL-6, TGF-β, NF-κB, mitogen-activated protein
kinase (MAPK), and AKT/mTOR/(p70S6K), play important roles in the initiation, proliferation,
invasiveness, and metastasis of ovarian cancer cells and also participate in angiogenesis, therapeutic
resistance, and other biological processes. Several clinical or preclinical trials have targeted stromal
fibroblasts and focused on the properties of CAFs to enhance ovarian cancer treatment outcomes.
This review concentrates on the origins, subtypes, and activation of CAFs, as well as specific roles
of CAFs in regulating tumor development and drug resistance, and aims to provide potential and
prospective targets for improving the therapeutic efficacy of ovarian cancer treatment.

Keywords: cancer-associated fibroblasts; ovarian cancer; tumor microenvironment; stroma

1. Introduction

Globally, there are about 300,000 new cases of and 185,000 deaths due to ovarian
cancer, making it the third most common gynecologic cancer and the second leading cause
of reproductive cancer death among women [1,2]. In 2015, there were about 52,100 new
cases of and 22,500 deaths caused by ovarian cancer in China [3], causing significant
health issues and seriously threatening women’s health. Due to various pathological types,
limited screening methods, and lack of distinct clinical manifestations, 75% of patients
are diagnosed at an advanced stage and the prognosis is not optimistic [4]. At present,
the mainstay treatment of ovarian cancer is surgical cytoreduction to R0, followed by
carboplatin and paclitaxel combined chemotherapy [5]. Further maintenance therapies may
be applied after first-line chemotherapy, which include poly ADP-ribose polymerase (PARP)
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inhibitors, anti-angiogenesis agents or monoclonal antibodies [6]. Although more than
80% of patients are initially sensitive to treatment, the majority of them go on to develop
chemotherapy resistance, resulting in advanced recurrence and eventually death [7]. It
is reported that the overall 5-year survival rate of advanced patients is approximately
30%, and prognoses are not optimistic even in high-resource countries such as the United
States, where the rate is only about 47% [1]. Therefore, there is an urgent need to better
understand the heterogeneity and biology of ovarian cancer so as to develop or refine
treatment strategies and improve quality of life.

Since Paget first proposed the ‘Seed and Soil’ theory in 1889 [8], it has been gradually
recognized that apart from the cancer cells, stable stromal cells with few mutations in the
tumor microenvironment (TME) are also of great importance [9]. The interplay between
tumor and stromal cells contributes greatly to tumorigenesis, progression, and therapeutic
resistance [10]. Some of the most significant stromal components are cancer-associated
fibroblasts (CAFs), which modulate cancer progression and treatment responses in many
cancer types [10,11]. CAFs can form robust crosstalk with cancer cells, participate in various
biological processes, including wound healing and inflammatory processes, tumor initia-
tion, progression, and immune exclusion, and may also contribute to therapeutic failure,
especially chemoresistance [10–12]. Therefore, CAFs are considered to be notable tumor-
promoting players. Treatment barriers in ovarian cancer have been increasingly ascribed to
angiogenesis, stromal reprogramming, extracellular matrix remodeling (ECM), and drug
delivery [13,14]. In principle, a better understanding of the intricate mechanisms of CAFs
in tumor pathophysiology could pave the way for CAF-targeted therapeutics. Interestingly,
several studies focusing on Shh-deficient signaling indicated that, besides supporting tu-
mor pathogenesis, CAFs also had tumor-restraining functions [15,16]. A population-based
study has demonstrated improved 10-year survival in breast cancer patients receiving
breast-conserving surgery plus radiotherapy compared with mastectomy, which may par-
tially be explained by remnant tumor stroma after surgery. The stromal components could
induce long-lasting antitumor immunity and restrain tumor progression, and therefore
may improve clinical outcomes [17,18]. The available evidence has suggested that in-depth
studies of CAFs may aid in elucidating the mechanisms of ovarian cancer progression,
dissemination, and therapeutic resistance. This review aims to update the current un-
derstanding of tumor-associated fibroblasts in ovarian cancer and potential therapeutic
strategies targeting the stromal ‘soil’.

2. Origins, Classifications, and Activation Mechanisms of CAFs

CAFs can be broadly defined as fibroblasts displaying complex heterogeneity. CAFs
usually locate in or near a tumor and are crucial components of the tumor microenviron-
ment [19]. CAFs may be derived from normal fibroblasts, bone marrow mesenchymal stem
cells (MSCs), epithelial cells, endothelial cells, or adipocytes (Figure 1) [20–25]. CAFs exist in
two primary cellular states, namely, quiescent and activated. Quiescent CAFs, also known
as resting CAFs, are often characterized by Vimentin (VIM). Quiescent CAFs mainly repre-
sent normal fibroblasts and usually have lower proliferative and metabolic capacities than
activated CAFs [19]. Activated CAFs express various markers, including α-smooth muscle
actin (α-SMA), fibroblast activation protein (FAP), low caveolin1 (CAV1), CD10, integrin β1
(CD29), platelet-derived growth factor receptor-α/-β (PDGFRα/β), and G protein-coupled
receptor 77 (GPR77) [8,11,26–30]. Resting CAFs can be transformed into the active state via
different pathways, including the JAK/STAT signaling pathway, the focal adhesion kinase
(FAK) pathway [31], the Hedgehog signaling pathway [32], and the platelet-derived growth
factor signaling (PDGF) pathway (Figure 2) [33]. Some cytokines, including IL-1, IL-6, NF-
κB, and TGF-β, also play pivotal roles in the activation process [33–36]. Autocrine signaling
loops, which are mediated by TGF-β and SDF-1, contribute to the tumor-promoting CAF
phenotype [37]. In addition, exosomes released by stromal cells can deliver microRNAs
to activate CAFs at a post-transcriptional level, especially through the downregulation
of miRNA-31/-214 and upregulation of miRNA-155 [38,39]. Remodeling of ECM can
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also activate CAFs [40]. In ovarian cancer, four subtypes of CAF populations (CAF-S1 to
CAF-S4) have been discovered by analyzing CAF markers of FAP, α-SMA, CD29, PDGFRβ,
FSP1, and caveolin 1 (CAV1). Interestingly, CAF-S2 (FAP− CD29low SMA−) and CAF-S3
(FAP− CD29med SMA−) resemble normal fibroblasts, while CAF-S1 (FAPhigh CD29med-high

SMAhigh) and CAF-S4 (FAP− CD29high SMAhigh) are restricted in cancer and metastatic
sites, resembling the activated state [41]. CAF subtypes may be correlated with ovarian
cancer subtypes and affect clinical manifestations and outcomes. Especially in the mes-
enchymal high-grade serous ovarian cancer (HGSOC) subtype, high concentrations of
CAF-S1 fibroblasts are associated with poor patient survival [19,41]. CAF-S1 facilitates the
immunosuppressive activities of tumors by enhancing recruitment, differentiation, and
activation of CD25+FOXP3+ T cells [41]. The existence of four subtypes of CAFs has also
been confirmed in pancreatic cancer [42]. Furthermore, single-cell sequencing analysis
of ovarian cancer has confirmed the existence of distinct subsets of CAF-S1, including
myofibroblasts CAFs (myCAFs) and inflammatory CAFs (iCAFs). myCAFs, with high
expression of α-SMA, are located adjacent to cancer cells and produce dense matrices to
support tumorigenesis, while iCAFs, with low α-SMA expression, are distal to tumor edges
and characterized by secreting inflammatory cytokines, such as IL-6, and consequently
induce an immunosuppressive microenvironment [19,41–43]. Single-cell sequencing anal-
ysis of CAF-S1 collected from malignant ascites in ovarian cancer has identified distinct
subpopulations of inflammatory CAFs expressing immunoregulatory programs, such as
complement factors, cytokines, and chemokines. iCAFs secrete IL-6 and other cytokines
and share activation of the JAK/STAT pathway with tumor cells to cause ascites, promote
tumor growth, and subsequently promote therapeutic failure [44]. In conclusion, pheno-
types, features, and heterogeneity are defined and characterized by single-cell analysis of
ovarian cancer. More specific classifications of CAF subtypes may help to better elucidate
ovarian cancer pathogenic processes and drug resistance.
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Figure 1. Origins of ovarian cancer-associated fibroblasts. CAFs are important components in the
tumor microenvironment and may potentially derive from several cellular sources, including normal
fibroblasts (which can convert into CAFs via activation), epithelial cells (through EMT), smooth
muscle cells (through trans-differentiation), adipocytes (through trans-differentiation), endothelial
cells (EndMT), and bone marrow MSCs (through EMT, recruitment, and activation), among other cells.
Image created with BioRender.com (accessed on 19 April 2022). CAFs: cancer-associated fibroblasts;
EMT: epithelial-to-mesenchymal transition; EndMT: endothelial-to-mesenchymal transition; MSCs:
mesenchymal stem cells.

BioRender.com
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Figure 2. Pathways and mediators associated with CAFs activation. Quiescent fibroblasts can be
transformed into an activated state through inflammatory cytokines and several pathways. Based on
the different expressions of surface markers, including α-SMA, FAP, CD29, PDGFRβ, FSP1, and CAV1,
CAFs are classified into four subsets in some cancers. Single-cell sequencing analysis of CAF-S1 in
ovarian cancer has identified two subsets, iCAFs and myCAFs. Image created with BioRender.com
(accessed on 25 May 2022).

3. Mechanisms of CAFs in the Progression of Ovarian Cancer

Compared to normal fibroblasts, CAFs have faster proliferative capacities and are
characterized by higher metabolic states. Several neoplastic signaling pathways, such as the
NF-κB signaling pathway, are abnormally activated in CAFs. In this section, we discuss the
biological behaviors of CAFs and how they function to modulate tumor progression. CAFs
can directly act on adjacent tumor cells through paracrine modes and can also indirectly
regulate immunity and affect tumor metabolism (Figure 3) [11]. Detailed mediators and
mechanisms are summarized in Table 1.

BioRender.com
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Figure 3. Mechanisms of CAFs in ovarian cancer progression and dissemination. CAFs can regulate
the growth, proliferation, and metastasis of ovarian cancer in different ways, including (a) secreting
cytokines, (b) shaping the immune microenvironment, and (c) establishing metabolic crosstalk. Image
created with BioRender.com (accessed on 24 April 2022).

Table 1. Mechanisms used by CAFs to promote ovarian cancer biological processes.

Perspectives Mediators Mechanisms Reference

Facilitate tumor growth,
proliferation, and metastasis

CTHRC1 Activates EGFR/ERK1/2/AKT signaling pathway [45]

COL11A1 Activates ERK pathway;
induces activation of TGF-β1-MMP3 axis [46,47]

VCAN
Activates NF-κB pathway;

upregulates expression of CD44, MMP-9, and the
hyaluronan-mediated motility receptor

[48]

HGF Activates the c-Met/PI3K/Akt and GRP78 signaling pathways [49]

FGF-1
Activates FGF-1/FGF-4 signaling;

activates the MAPK/ERK pathway;
upregulates EMT-related genes

[50]

Avert immune regulation

TGF-β Inhibits effector immune cells;
regulates innate and adaptive immune cells [51–54]

PS-1 via the WNT/β-catenin pathway [55]

CXCL12
CXCR4-dependent pathway;

prevents effector T cells from making contact with cancer cells;
enhances recruitment of Tregs

[41,56]

IL-33 Modifies the immune microenvironment;
drives type 2 immunity [57]

IL-6 Activates the STAT3 pathway;
induces transformation of CD8+ T cells into highly cytotoxic cells [58]

Metabolic regulation

p38αMAPK Provides a tunnel for glycolysis [59]

CXCL14
Upregulates the expression of long

non-coding RNALINC00092;
alters glycolysis

[60]

ROS
Induces autophagy, mitophagy, and

glycolysis via NF-κB activation,
with upregulation of MCT4 and loss of Cav-1 expression

[61,62]

AKT: protein kinase; Cav-1: caveolin-1; CTHRC1: collagen triple helix repeat containing-1; COL11A1: collagen
type XI alpha 1 chain; CXCL12: C-X-C chemokine ligand 12; CXCL14: C-X-C chemokine ligand 14; EGFR:
epidermal growth factor receptor; ERK: extracellular signal-regulated kinase; EMT: epithelial–mesenchymal
transition; FGF-1: fibroblast growth factor-1; GRP78: glucose-regulating protein 78; HGF: hepatocyte growth
factor; IL-6: interleukin-6; IL-33: interleukin-33; MAPK: mitogen-activated protein kinases; MMP3: matrix
metalloproteinase-3; MCT4: monocarboxylate transporters 4; PFKFB2: 6-phosphofructo-2-kinase/fructose-2,6-
biphosphatase 2; PI3K: phosphatidylinositol 3-kinase; PS-1: presenilin-1; STAT3: signal transducer and activator
of transcription 3; TGF-β: transforming growth factor-beta; VCAN: versican.

BioRender.com
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3.1. CAF-Secreted Cytokines Facilitate Tumor Growth, Proliferation, and Metastasis

Tumor fibroblasts can release a variety of cytokines to act on different signaling
pathways in the tumor microenvironment via paracrine modes, thus directly stimulating
the proliferation, differentiation, invasion, and metastasis of surrounding tumor cells.

TGF-β released from myofibroblasts is a vital mediator in regulating cancer–stroma in-
terplay to induce tumor initiation and immune escape [51]. HOXA9, a Müllerian-patterning
gene, is highly expressed in ovarian cancer SKOV3 cells. The patterning gene can activate
the transcription of the TGF-β2 encoding gene. Then, the activated TGF-β2 may be able to
induce CAF expression of CXCL12, IL-6, and VEGF-A to form a favorable microenviron-
ment for EOC progression (Figure 3a) [63]. For example, many TGF-β signaling-related
genes derived from CAFs play important roles in the crosstalk between fibroblasts and
ovarian cancer, including periostin (POSTN), collagen type XI alpha 1 (COL11A1), collagen
triple helix repeat containing-1 (CTHRC1), and versican (VCAN) [45–48,64–66]. These pro-
teins exert effects through the TGF-β signaling pathway to participate in CAFs activation
and tumor pathogenic processes. Upregulated CTHRC1 enhances tumor invasion and
migration via EGFR/ERK1/2/AKT signaling. It also participates in the immune response
and angiogenesis to stimulate tumor progression [45]. The upregulated COL11A1 serves as
a mediator of stroma–cancer cell crosstalk and plays important roles in activating CAFs
by regulating TGF-β3 through the NF-κB/IGFBP2 axis [46]. The processes of promoting
tumor formation and activating CAFs can be attuned by TGF-β3 antibodies, suggesting
a promising treatment target in COL11A1-positive ovarian cancer [46]. COL11A1 is also
associated with tumor aggressiveness and poor clinical outcomes via the TGF/β1/MMP3
axis [47]. CAFs-derived POSTN activates fibroblasts through TGF-β1 and exerts effects on
the migration and invasiveness of ovarian cancer via activating the PI3K/Akt pathway.
Pro-metastatic properties and remodeling of the pro-metastatic microenvironment partly
rely on stromal-derived POSTN protein [65]. VCAN is secreted by CAFs and its expression
level is regulated through TGF-β receptor type II and SMAD signaling. Upregulation
of VCAN protein may promote cell motility and the invasiveness of advanced ovarian
cancer through activation of the NF-κB signaling pathway and elevated expression of CD44,
matrix metalloproteinase-9 (MMP-9), and the hyaluronan-mediated motility receptor [48].

CAFs-derived hepatocyte growth factor (HGF) or human recombinant HGF can pro-
mote cell proliferation in the ovarian cancer cell lines SKOV3 and HO-8910 by activating the
c-Met/PI3K/Akt and GRP78 signaling pathways. HGF can also weaken paclitaxel efficacy
to induce chemotherapeutic failure. The above effects can be blocked by anti-HGF and c-
Met inhibitors INCB28060 [49]. As for CAF-related gene fibroblast growth factor-1 (FGF-1),
underlying mechanisms regulating tumor progression include phosphorylation of FGF-4,
activation of the mitogen-activated protein kinase/extracellular signal-regulated protein
kinase (MAPK/ERK) pathway, and also upregulated expression of EMT-related genes, such
as Snail-1 and MMP3 [50]. The FGF-1/FGF-4 axis may provide a novel strategy for ovarian
cancer treatment. In addition, ECM remodeling is also considered to be an inducer that
promotes the invasion and metastasis of SKOV3 ovarian cancer cells [50]. In high-grade
serous ovarian cancer (HGSOC), integrin α5high (ITGA5high) ascitic tumor cells (ATCs) are
recruited by CAFs to form heterotypic spheroids. The aggregates are also termed metastatic
units (MUs). ITGA5 is indispensable in the formation of MUs. CAFs-secreted epidermal
growth factor (EGF) could sustain ITGA5 expression and maintain the aggregates formed
by CAFs and ACTs. CAFs-centered MUs could promote early peritoneal dissemination of
HGSOC and then accelerate the development of ascites [67]. iCAFs share the activation of
the JAK/STAT pathway with tumor cells to shape the ascites system and promote tumor
growth and induce therapeutic resistance [44]. Studies have indicated that Hedgehog (Hh)
signaling could contribute to the modulation of the stromal microenvironment and generate
a favorable niche for cancer metastasis. It has been shown that Sonic Hedgehog (SHH)
could induce VEGF-C expression and activate Hh signaling in CAFs via a paracrine mode
to accelerate tumorigenesis and lymphangiogenesis in ovarian cancer. The Hh/VEGF-C
signaling axis could also be a promising treatment target for ovarian cancer [68]. With the
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increased understanding of CAFs, it is believed that targeting CAFs-secreted cytokines can
arrest ovarian cancer progression, thus providing a promising way for developing novel
treatment strategies.

3.2. Immunoregulatory Roles of CAFs in Shaping the Tumor Microenvironment

The immune system may recognize and attack ovarian cancer components. Lympho-
cytes, especially CD8+ T cells [69], can infiltrate carcinomas [70], identify tumor antigens,
exhibit oligoclonal expansion, and yield cytotoxic responses to tumor tissues [71]. Several
studies have also demonstrated the link between tumor-infiltrating T cells and improved
clinical outcomes in ovarian cancer patients [71–75]. Meanwhile, interactions between
CAFs and immune components can regulate the tumor immune microenvironment (TIME)
to inhibit anti-tumor activities. CAFs can recruit immune cells to participate in tumor
progression through the secretion of chemokines and cytokines and regulation of effec-
tive signaling pathways. To date, different approaches have been applied in classifying
tumor-immune phenotypes to better characterize the immune presence and understand
the different TIME conditions. The ICON7 phase III clinical trial utilizing digital pathol-
ogy with transcriptome analysis has described three tumor-immune phenotypes in which
CAFs play a role, including inflamed, excluded, and desert subtypes [19,43,72]. The three
tumor-immune phenotypes show specific cellular levels of T cells in cancers. CD8+ T cells
mainly infiltrate the tumor epithelium in the immune-inflamed phenotype and accumulate
in the tumor stroma in the immune-excluded phenotype. In the immune-desert phenotype,
CD8+ T cells are either absent or present in very low numbers [76]. Apart from differences
at the cellular levels, the related molecular mechanisms also vary (Figure 3b).

One study integrating digital pathology and transcriptome analysis has identified two
crucial mechanisms in T cell-excluded tumors (Figure 3(b 1©)). One involves contributions
to the loss of MHC-I presentation on tumor cells; the other relies on upregulated TGF-β
playing important roles in ECM formation and the activation of stromal components to
enhance T cell exclusion [72]. Unlike other types of cancers, genetic mutations in MHC-I
genes are rare in ovarian cancer [77]. However, epigenetic regulation plays an important
role in ovarian cancer. DNA methylation contributes to MHC-I loss in ovarian cancer and
reduces tumor antigen expression and untimely leads to immune exclusion. Specifically,
MHC-I loss can be reversed by treatment with DNA methyltransferase (DNMT) inhibitors,
indicating that epigenetic regulation might be a promising therapeutic target [72]. TGF-β,
produced by myofibroblasts as well as other cells in the TME [52], regulates innate and
adaptive immunity via inhibitory effects on natural killer (NK) cells, CD4+/CD8+ T cells,
macrophages, and other effector immune cells [53]. In addition, TGF-β also enhances
the generation and function of regulatory T cells (Treg), Th17, Th9, and Tfh cells, to
form a negative regulatory immune network and support tumor occurrence [51,53,54].
Interestingly, TGF-β could also reduce the expression of MHC-I in ovarian cancer, which
could be restored to pre-treatment levels by the TGF-β inhibitor Galunisertib [72]. Cancer
cells rely on the immunosuppressive role of TGF-β to evade immune surveillance and
weaken immunotherapeutic efficacy [53]. Apart from low expression of IFN-γ and antigen
presentation, T cell-excluded ovarian cancer also lacks chemokine signaling-related genes.
The above two mediators (MHC-I and TGF-β) are considered as barriers to the distribution
and function of cytotoxic T cells and are involved in cancer pathogenesis and closely
associated with clinical outcomes.

Immune-desert ovarian cancer is characterized by the lowest interferon and inflam-
matory responses and non-T cell infiltration (Figure 3(b 2©)) [19,78]. In addition, the MYC
and WNT/β-catenin signaling pathways are abundant in high tumor cellularity, which is
closely associated with immune exclusion [55,79]. Furthermore, the WNT/β-catenin sig-
naling pathway is also correlated with resistance to anti-PD-L1 and anti-CTLA4 combined
therapy [80]. Studies have also explored the interaction of metabolism and tumor-immune
subtypes [81]. It has been suggested that upregulation of hormone biosynthesis and low
immune cell infiltration are the two main characteristics of the ‘immune-desert–endocrine
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subtype’, which is negatively correlated with MHC molecules and multiple immune cells,
such as dendritic cells, and finally leads to the immune-desert type [81].

Accumulating evidence has shown that CAFs play important roles in regulating the
immune activities of both innate and adaptive cells to suppress anti-tumor immunity. For
example, a high number of iCAFs in the TME could suppress both innate and adaptive
immune responses in the tumor microenvironment through their secretory profiles [19,29].
iCAFs may secrete IL-6, CXCL12, and CXL2 to retain immune-suppressive functions and
negatively influence anti-tumor effects (Figure 3(b 3©)) [29]. Highly expressed presenilin 1
(PS1) in CAFs attenuates the proliferation and infiltration of CD8+ T cells and dendritic cells
via the WNT/β-catenin pathway in ovarian cancer [55]. CAFs are the main cellular sources
of IL-33 in breast cancer metastasis. Upregulation of IL-33 could drive type 2 immunity and
recruit eosinophils, neutrophils, and monocytes to facilitate metastatic behavior [57]. CAFs
also produce chemokines to attract immunosuppressive cells, such as Treg and myeloid-
derived suppressor cells (MDSCs) [41,82]. Previous studies have shown that CXCL12
wraps tumor cells through binding to CXCR4 and thereby prevents effector T cells from
contacting cancer cells and consequently leads to immune escape/immunosuppression
activities [56]. The mesenchymal HGSOC subtype is enriched with CAF-S1 fibroblasts
(FAPhigh CD29med-high SMAhigh), which are the main cellular sources of CXCL12. Studies
have shown that miR200-regulated CXCL12β accumulates in CAF-S1 and plays a crucial
role in immunosuppressive functions with the help of CD25+ FOXP3+ T cells (Treg) [41].
CXCR2 ligands, including CXCL1 and CXCL2, attract MDSC infiltration in Snail-expressing
mice to promote ovarian cancer progression [82]. Metabolic stress may stimulate impaired
antitumor immunity in immune-infiltrating tumors [81]. iCAF subsets also produce certain
cytokines, especially IL-6, which presents a pro-tumor function and is closely associated
with chemoresistance and poor prognosis [83]. Apart from this, ovarian cancer-associated
exosomes can also produce IL-6 from monocytes and activate the STAT3 pathway to protect
cancer cells from immune attack [58]. On the other hand, IL-6 could present an anti-tumor
function by inducing the transformation of CD8+ T cells into highly cytotoxic cells [84]. In
a mouse model of pancreatic ductal adenocarcinoma (PDAC), upregulation of CD4+Foxp3+

Treg has been observed in myofibroblast-depleted mouse tumors. Tregs-suppressed im-
mune surveillance has led to enhanced tumor progression and invasion and also correlated
with reduced survival. These results suggest that myofibroblasts play a protective role in
the host [15]. At the same time, fewer myofibroblasts are correlated with reduced survival
in PDAC patients [15]. Therefore, we speculate that CAFs may also exert an inhibitory
effect on tumor cell growth in ovarian cancer. CAFs play crucial roles in differentiating
spatial distributions of T cells in the tumor microenvironment. The three tumor-immune
phenotypes in which CAFs play a role have provided an important framework for better
understanding TME conditions which will help guide the development of immunotherapy.

3.3. Metabolic Processes Involved in Ovarian Cancer Pathogenesis

Recently, evidence has shown that CAFs participate in the metabolic processes of
ovarian cancer through various modes, including cytokines, metabolites, TGF-β, and extra-
cellular vesicles with metabolites [85]. During the early stage of tumor development when
nutrients are insufficient for tumorigenesis, CAFs provide energy through the tricarboxylic
acid cycle (TCA) to maintain tumor biological processes in what is known as the ‘reverse
Warburg effect’ [59]. Recent studies have shown that cancer and stromal cells constitute
a cellular ecosystem and create a shared metabolic environment. Tumor cells maintain
tumorigenesis by establishing bidirectional communication with CAFs (Figure 3c) [86].
Autophagy plays an important role in the shared metabolic environment [86]. For example,
in a co-culture system of ovarian cancer cells and fibroblasts, mapping of bidirectional
signaling using quantitative phosphoproteomics revealed that activation of p38αMAPK
kinase in CAFs and phosphoglucomutase 1 involved in glycogen metabolism can provide a
tunnel for glycolysis and supply energy for tumor cell proliferation, invasion, and metasta-
sis [59]. At the same time, decreased p38αMAPK and activation of glycogen phosphorylase
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can inhibit tumor metastasis [59]. Zhao et al. have reported that CAFs with high expression
of CXCL14 could increase the expression of long non-coding RNA LINC00092, which
consequently affects glycolysis by binding to the 6-phosphofructo-2-kinase/fructose-2,6-
biphosphatase 2 (PFKFB2) glycolytic enzyme and promoting tumor metastasis with the
support of surrounding CAFs [60]. It has been reported that low expression of focal adhe-
sion kinase (FAK) in CAFs is associated with reduced overall survival in breast cancer and
pancreatic cancer, possibly through the promotion of malignant cell glycolysis and growth
via a paracrine mode independent of genetic mutations. CCR1/CCR2 on cancer cells and
the activation of protein kinase A (PKA) play important roles in the increased production
of chemokines [87]. Extracellular microRNAs can mediate metabolic reprogramming in
stroma to support tumor progression under the shared metabolic environment [88]. Breast
cancer-secreted exosomal miR-105, in particular, could enhance the metabolic programming
of glucose and glutamine to fuel adjacent cancer cells via activation of MYC signaling in
CAFs [88]. Given a lack of nutrients in the environment, CAFs may detoxify metabolic
wastes into metabolites rich in energy. miR-105 could mediate metabolic reprogramming
of stromal cells to regulate the shared metabolic environment and thus maintain tumor pro-
gression under different conditions [88]. It has been observed that lactate shuttled between
tumor cells and stromal cells changed the NAD/NADH ratio in tumor cells, resulting in
enhanced mitochondrial quality and activity in both in vivo and in vitro models of prostate
cancer. On the other hand, tumor cells can hijack the functional mitochondrial complexes
of CAFs by building cell bridges to ensure their own energy supply [89].

Autophagy, a catabolic process, may maintain cell metabolism and renewal of or-
ganelles to sustain homeostasis [90]. Higher levels of reactive oxygen (ROS) and activation
of NF-κB can induce autophagy in CAFs, which, in turn, can protect CAFs from oxidative
damage [61]. This catabolic process of producing metabolites can lead to metabolic repro-
gramming and drive the metabolic coupling of stroma and epithelium. Ovarian cancer cells
can induce the upregulation of MCT4 and loss of expression of Cav-1 via autophagy, lead-
ing to a microenvironment favorable to tumor growth [62]. Interference with the metabolic
pathway between ovarian tumor cells and fibroblasts could be a promising strategy to
prevent the progression and recurrence of ovarian cancer.

4. The Role of CAFs in the Therapeutic Resistance of Ovarian Cancer

Chemotherapy plays an important role in the comprehensive treatment of ovarian
cancer. Although more than 80% of patients respond well to treatment at an early stage,
most patients develop drug resistance at the late stage and eventually suffer relapse and/or
death [7]. Although mechanisms of drug resistance are still elusive, immune exclusion
triggered by Treg or other immune components may play an important role [91,92]. The
formation of extracellular matrices can interfere with drug transport and affect drug effi-
cacy [92,93]. Some specific CAFs subtypes, such as CD10+ GPR77+ CAFs, or CAFs markers,
such as CD44, may promote chemoresistance by sustaining cancer cell stemness [94,95].
Other mechanisms may be related to metabolic activities, such as autophagy and inhibi-
tion of cancer cell apoptosis [96–98]. Single-cell RNA sequencing (scRNA-seq) has been
applied to analyze fibroblast heterogeneity. Results have shown that CAF-S1, which is
characterized by TGF-β signaling, is correlated with immunosuppression and indicates
primary resistance to chemotherapy. CAF-S1 upregulates the protein levels of PD-1 and
CTLA-4 in regulatory T lymphocytes (Treg), which, in turn, increases levels of CAF-S1.
On the other hand, upregulated levels of PD-1 and CTLA-4 proteins may serve as promis-
ing checkpoints which may pave the way for combining immunotherapy with targeted
therapies [91]. Many chemotherapeutic agents must pass through the blood vessels and
ECM to reach a tumor and exert effects. During this process, CAFs can obstruct the trans-
portation of chemotherapeutic agents and impair chemotherapeutic efficacy by creating
physical barriers and microvascular compression. For example, cysteine and glutathione
produced by CAFs can inhibit the accumulation of cisplatin in the nucleus of ovarian
cancer, resulting in platinum resistance [92]. Effector CD8+ T lymphocytes could affect
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the metabolic process of cysteine and glutathione in fibroblasts, creating chemoresistance
via the JAK/STAT1 pathway or lowering medication efficacy by modifying cysteine and
glutathione metabolism [92]. NF-κB continuously activates CD10+ GPR77+ CAFs through
p56 phosphorylation and acetylation. Maintained by complementary Ca5 and GPR77
receptor signaling, CD10+ GPR77+ CAF activation provides a supportive environment for
tumor stem cells and chemoresistance [94]. It has also been observed that CAFs derived
from wild-type mice express high levels of CD44 in hypoxic and low-nutrition environ-
ments, which could maintain the stemness of cancer stem cells, while CD44-deficient CAFs
do not have these properties [95]. Another study of CAFs and SKOV3 ovarian tumor
cells has shown that increased level of ROS could promote autophagy of tumor cells and
enhance the expression of drug resistance-related genes, such as YAP, CTGF, and Cyr61 [96].
Functional studies have also confirmed that microRNA-21 (miR21) in exosomes transferred
from neighboring CAFs could inhibit ovarian cancer apoptosis and generate chemotherapy
failure [97], which has provided an alternative strategy for suppressing tumorigenesis and
treatment resistance. In addition, CAFs could also affect ovarian cancer chemotherapy
resistance by directly acting on XIAP and regulating the PI3K/AKT signaling pathway [98].
Many chemotherapeutic agents must be degraded into active forms to exert their antitumor
effects. For example, gemcitabine, a pyrimidine antagonist, should be metabolized intracel-
lularly to active metabolites to inhibit DNA synthesis. Gemcitabine is used in the treatment
of ovarian cancer, as a single agent or together with carboplatin and/or bevacizumab in
recurrent ovarian cancer, with survival benefits reported in clinical trials [99,100]. However,
studies directly investigating the effects of gemcitabine on CAFs have mostly examined
pancreatic cancers. TGF-β-induced stromal CYR61 negatively regulates the expression of
the nucleoside transporters Hent1 and Hcnt3 in pancreatic tumor cells and significantly
reduces the uptake of gemcitabine by cells, which is linked to gemcitabine resistance [93].
Although radiotherapy is not a standard treatment for ovarian cancer, it is also used when
single recurrences occur after first-line treatment [101]. Similar to chemotherapy, CAFs have
been proven to regulate the radiation response of malignant tumors via a paracrine mode
or direct interactions during tumor radiotherapy [102]. Chemotherapy, radiotherapy, and
immunotherapy all induce DNA damage in tumor cells, so survival and apoptosis-related
signals can also affect the resistance to radiation-induced DNA damage, such as CAFs
stimulation of MAPK, the AKT signaling pathway, and the β1-integrin-FAK signaling
pathway [103]. It has been reported that TGF-β accelerates EMT progression and causes
E-cadherin loss, and therefore induces radiotherapy tolerance in pancreatic cancer [104,105].
Additionally, CAFs affect the reactivity of tumor cells to checkpoint inhibitors by form-
ing immunosuppressive tumor microenvironments. For example, in pancreatic ductal
carcinoma, CXCL12 from FAP+ CAFs can wrap tumor cells and inhibit the accumulation
of T cells in tumor sites. Depletion of FAP+ CAFs enables immunological checkpoint
antagonists, such as α-CTLA-4 and α-PD-L1, to exert antitumor effects. CXCL-12 receptor
4 (CXCR4) inhibitors can be applied to recruit T cells to accumulate in cancer cells as well
as cooperate with α-PD-L1 to significantly reduce the number of tumor cells [56]. What is
more, high-dose radiotherapy can reprogram cancer immunity to activate both innate and
adaptive immunity by upregulating the expression of MHC class I molecules and death
receptors on tumor cells [106].

5. Therapeutic Prospective of CAFs in Ovarian Cancer

With an increased understanding of CAFs, it is believed that CAFs may serve as
promising targets for ovarian cancer therapeutics. Many studies in this review have
suggested potential targets as treatment strategies for ovarian cancer, one of which, in-
volving the targeting of TGF-β 1 and 2, is currently under investigation in clinical trials
(Phase 2 Trial of Maintenance Vigil for High-Risk Stage IIIb–IV Ovarian Cancer (VITAL),
NCT02346747) [107] (Figure 4). In addition, the most common inhibitors targeting CAFs
are summarized in Table 2.
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Figure 4. Therapeutic strategies of CAFs in ovarian cancer. Three aspects of strategies targeting CAFs
in TME include: (a) Depletion of CAFs via specific surface markers; (b) conversion of activated CAFs
to the quiescent state by inhibitors; and (c) targeting significant downstream effectors of CAFs. Image
created with BioRender.com (accessed on 23 May 2022). CAFs: cancer-associated fibroblasts; TME:
tumor microenvironment.

Table 2. CAFs-associated inhibitors in ovarian cancer.

Inhibitors Targets Functions Reference

Tocilizumab IL-6R Promotes anti-tumor immunity [108]

INCB28060 HGF and c-Met Blocks chemotherapeutic failure [49]

PD173074 FGF Terminates cellular proliferation and migration [50]

Galunisertib TGF-β1 Reverses MHC-I loss caused by TGF-β [72]

DNMT MHC-I Inhibits tumor-immune excluded subtype [52]

MPDL3280A PD-L1 Suppresses T cell migration, proliferation, and secretion of
cytotoxic mediators and restricts tumor cell killing [109]

Vigil TGFβ-1 and TGFβ-2
Downregulates TGF-β 1 and 2;
provides personal neoantigen;

induces GMCSF expression
[110]

AG1478 EGFR Upregulates autophagy levels [111]

Elaiophylin Autophagy Inhibits activation of autophagy [112]

Bevacizumab VEGF Inhibits tumor angiogenesis [99,113,114]

CAFs: cancer-associated fibroblasts.

5.1. Depletion of CAFs via Specific Surface Markers

Current evidence has indicated that CAFs are important mediators of proliferation,
migration, and invasiveness in ovarian cancer. Four CAFs phenotypes in ovarian can-
cer have been characterized, mainly by the expression levels of α-SMA, FAP, and CD29.
Direct CAF-depletion treatment strategies mainly target CAF surface markers, such as
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α-SMA, FAP, and GPR77 (Figure 4a). In a transgenic mouse model of PDAC, selective
depletion of α-SMA could not only restrain angiogenesis but also enhance hypoxia and
induce epithelial-to-mesenchymal transition (EMT) and stemness, thus leading to reduced
survival [15]. Moreover, knockout of CAFs alters CD4+Foxp3+ Treg composition to inhibit
immune surveillance, thus impeding the response of myofibroblast-depleted tumors to
gemcitabine [15]. Despite this, anti-CTLA-4 immunotherapy effectively abrogates tumor
development and prolongs survival in mice [15]. However, the clinical outcomes of tar-
geting α-SMA seem to be unsatisfactory; another CAF treatment strategy is to target FAP.
Depletion of FAP-expressing CAFs can cause hypoxic necrosis of cancer and stromal cells
via interferon-γ (IFN-γ) and tumor necrosis factor-α (TNF-α) [115]. At the same time,
FAP-silenced SKOV3 cells can reduce tumor growth and inhibit CAF infiltration [116].
However, FAP is not specifically expressed by CAFs, which may affect the accuracy of
CAF-targeted therapies. One study has shown that CD10+ GPR77+ CAFs can promote
successful implantation in xenotransplantation and that targeting GPR77 could inhibit
tumor formation and restore tumor chemosensitivity [94]. On the basis of these findings,
we hypothesize that depletion of CD10 and/or GPR77 may suppress the tumor-promoting
roles of CAFs in ovarian cancer. Further studies are needed to better elucidate the mech-
anism and function of other specific markers of CAFs. Another strategy to reduce CAFs
in tumors is to target potential cellular sources of CAFs. For example, endothelial cells
are a potential source of CAFs in malignant pleural mesothelioma (MPeM), and VEGF
is a key mitogen in MPeM [113]. Bevacizumab is an antiangiogenic agent against VEGF
that can inhibit angiogenesis and tumor growth to reduce CAF infiltration in tumor sites.
A phase III clinical study targeting CAF precursors with bevacizumab in MPeM has re-
ported improved overall survival but also observed toxic effects [113]. Bevacizumab is
the only approved antiangiogenic agent in ovarian cancer treatment. Several clinical trials
have reported that the application of bevacizumab after chemotherapy (carboplatin and
paclitaxel) has improved progression-free survival in ovarian cancer [99,114]. CAFs can
also secrete small extracellular vesicles (sEVs) which could transport growth factors to
target cells. In oral squamous cell carcinoma (SOCC), VEGF released from CAFs could
bind to sEVs and stimulate angiogenesis and impair cell sensitivity to bevacizumab [117].
Furthermore, heparinase could release VEGF from sEVs and bevacizumab could neutralize
the dissociated VEGF and inhibit angiogenesis [117].

5.2. Conversion of Activated CAFs to the Quiescent State

Besides direct depletion of CAFs, another therapeutic strategy is to revert activated
CAFs to the quiescent state or induce their functioning as tumor-suppressive players
(Figure 4b). A number of cytokines or pathways are involved in the CAFs activation process.
For example, microRNAs reprogram normal fibroblasts into cancer-associated fibroblasts
in ovarian cancer, especially by downregulation of miR-31 and miR-214 and upregulation
of miR-155. CCL5, a direct candidate target of miR214, can contribute to suppressing
tumor growth and metastasis [38]. Ovarian cancer-related fibroblasts have been shown to
exhibit resistance to PARP inhibitors (PARPis). At the same time, the activation of PARPi-
induced stromal fibroblasts requires increased CCL5 secretion by the activation of NF-κB
signaling [118]. Therefore, neutralizing CCL5 may facilitate the transition of CAFs from
an activated state to a quiescent state. In addition, TGF-β may contribute to the activation
of CAFs and the progression of ovarian cancer. Two autocrine loops, mediated by TGF-β
and SDF-1, are stimulated to initiate and maintain the differentiation of human mammary
fibroblasts into activated CAFs, which have tumor-promoting features [37]. Targeting
TGF-β could weaken both the expression of CXCR4 and activation of TβR–Smad signaling
in stromal fibroblasts, thus hindering the feedback loop of TGF-β and SDF-1 and blocking
the activation of tumor-promoting CAFs [37]. The targeting of other related genes, such
as MYC and VCAN, may serve as potential therapeutic targets for ovarian cancer [48,79].
Indeed, treatment with vitamin D in PDAC has shown a 57% increase in survival compared
to chemotherapy alone in mice [119]. Application of vitamin A has also been demonstrated
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to improve survival in PDAC [120]. Therefore, we hypothesize that vitamins can be used
as adjuncts to current ovarian cancer treatments to enhance their therapeutic efficacy.

5.3. Targeting Significant Downstream Effectors of CAFs

Challenges remain in the development of strategies for CAF depletion or differen-
tiation into a quiescent state. Therefore, alternative strategies have been developed to
target other important effectors involved in CAFs biological processes (Figure 4c). Studies
have shown that TGF-β plays multifaceted roles in defining tumor-immune phenotypes.
CAFs are more sensitive to immune checkpoint inhibitors (ICIs) in immune-infiltrated
tumors due to higher antigen presentation, PD-L1 expression, and immune features [121].
TGF-β is correlated with weak responses to ICI therapy in immune-desert and immune-
excluded tumors [19]. Coadministration of TGF-β inhibitors and anti-PD-L1 antibodies can
exhibit anti-tumor immunity by facilitating T cell infiltration in tumor sites [109]. TGF-β is
highly expressed in ovarian cancer and is essential for activating CAFs, facilitating tumor
pathogenesis processes, averting immune regulation, and eventually forming a favorable
TME. A clinical trial of an autologous tumor vaccine named gemogenovatucel-T (Vigil)
(NCT02346747) has shown that Vigil provided personal neoantigens, downregulated TGF-β
1 and 2 and induced GMCSF expression, leading to systemic immunosuppressive activities.
Current results have indicated long-term beneficial effects of Vigil with respect to primary
endpoints and support further investigation of Vigil in ovarian cancer [110]. Studies have
found that inhibiting the CXCR4/CXCL12 axis can increase sensitivity to anti-PD-1 and
anti-CTLA4 immunological therapies [41,56]. IL-6 is specially induced by IL-1β, TNF-α,
and TGF-β signaling. Elevated IL-6 levels in serum and ascites have been shown to be
associated with impaired cancer cell sensitivity to chemotherapy and poor prognosis in
ovarian cancer patients. IL-6 can induce the overexpression of MMP, promote EMT, and
activate the MAPK, PI3K/AKT, or JAK/STAT3 pathways to enhance tumor growth and
cause chemoresistance [83]. Tocilizumab, an IL-6R antibody, could induce the production
of tumor immunity-stimulating factors, such as IL-12, IL-1β, and anti-tumor cytokines,
such as TNF-α, and IFN-γ. Clinical trial results have revealed that the combination of
Tocilizumab with chemotherapy showed a good safety profile and possibly restored cancer
cell sensitivities to chemotherapeutic agents and achieved immunological benefits [84,108].
However, there are certain limitations to these studies, such as small numbers of enrolled
patients, serum levels detected at different FIGO stages, and no parallel analysis of IL-6
with other cytokines [84]. Therefore, further studies are needed to clarify the roles of IL-6
and IL-6R in ovarian cancer pathogenesis and treatment responses. It is reported that PS1
is highly expressed in CAFs and plays an important role in regulating effector CD8+ T cells
in ovarian cancer. Notably, when PS-1 expression is silenced, immunosuppressive IL-1β
is downregulated via the WNT/β-catenin pathway and consequently contributes to the
proliferation of functional CTLs to improve the efficacy of immunotherapies [55]. Another
important effector associated with CAF functions is the immunosuppressive enzyme CD73
on the surface of CAFs. In vitro, CD73 and extracellular adenosine can promote tumor
growth and induce the expression of the BCL-2 anti-apoptotic family [122]. There are
studies that have applied Hedgehog inhibitors in attempts to restrain tumor growth in
gastrointestinal cancer. One study has shown that Hedgehog signaling inhibitors are asso-
ciated with alterations of fibroblast composition and effector T cell infiltration and that the
altered microenvironment facilitates pancreatic cancer progression [123,124]. Meanwhile,
autophagy plays an important role in regulating the metabolic crosstalk between ovarian
cancer cells and cancer-associated fibroblasts. In this respect, therapeutic options are re-
ferred to both induction and inhibition of autophagy. Compared to monotherapy, combined
administration of PARPi and EGFR inhibitors has shown better antitumor effects in ovarian
cancer A2780 xenografts, mainly through the activation of the ERK (MAPK) and JNK
and inhibition of the AKT/mTOR/(p70S6K) pathways [111]. Interestingly, suppression of
autophagy is partly associated with the improved efficacy of cisplatin in cisplatin-resistant
ovarian cancer cells. For example, the autophagy inhibitor elaiophylin can exhibit anti-
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tumor activities as a single agent and can also decrease cell viability in combination with
cisplatin. Therefore, elaiophylin has the potential to be a treatment agent for ovarian
cancer [112].

Compared with monotherapy, combinations of chemotherapy, immunotherapy, and/or
radiotherapy may achieve better therapeutic efficacy. Studies have shown that fibroblasts
inhibit platinum aggregation in tumor nuclei by producing cysteine and glutathione, while
CD8+ T cells can produce γ-interferon to upregulate γ-glutamyltransferase and inhibit the
transcription of xc (−) cystine and glutamate receptors through the JAK/STAT1 pathway,
thus controlling the synthesis of glutathione and cysteine in fibroblasts and effectively
eliminating chemotherapy resistance in matrices [92]. Recent clinical trial results have
reported that the application of bevacizumab after chemotherapy has been associated with
survival benefits in ovarian cancer patients. Benefits have also been observed when beva-
cizumab has been used in combination with PARPis [99,114]. Antiangiogenics can enhance
cancer immunotherapy by increasing immune cell infiltration and reducing immunosup-
pression in the TME [99]. In immune-desert tumors, low-dose radiotherapy combined with
immunotherapy could reprogram the microenvironment and mobilize both innate and
adaptive cells to achieve NKG2D-dependent anti-tumor immunity [101].

6. Conclusions

Fulfilling important roles in the TME, CAFs have attracted wide attention and great
efforts have been made in understanding their phenotypes, features, and heterogeneity.
The current review first described the potential cellular sources and activators of CAFs, as
well as several functionally distinct subtypes of CAFs. We next summarized the various
roles of CAFs in regulating tumor pathogenesis and drug resistance. An increasing number
of CAF-targeted therapies are under investigation in clinical or pre-clinical studies.

Studies utilizing novel biological technologies and optimized animal models have
indicated that CAFs may be promising therapeutic targets. It is important to better under-
stand the crosstalk of CAFs with cancer cells, immune cells, and other components in the
TME. It is possible that CAFs subtypes and distinct markers could be helpful in developing
promising therapeutic strategies. To date, few clinical trials have directly focused on the ef-
fects of anti-angiogenic agents or other monoclonal antibodies in CAFs, and limited clinical
success targeting CAFs has been achieved. Well-designed clinical studies with adequate
sample sizes are needed to provide evidence and achieve the transformation of the basic
research on CAFs into clinical practice and finally obtain clinical benefits. Future studies
should also focus on clarifying the explicit roles of specific CAFs subtypes in interplay
with different molecules and the exact mechanisms of therapeutic resistance. Detailed
knowledge about CAFs and specific mechanisms will help design or refine potential and
prospective modalities for ovarian cancer treatment.
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Abbreviations

CAFs cancer-associated fibroblasts
CAV1 caveolin1
CD29 integrin β1
COL11A1 collagen type XI alpha 1 chain
CXCR4 C-X-C chemokine receptor type 4
CXCL12 C-X-C chemokine ligand 12
CXCL14 C-X-C chemokine ligand 14
ECM extracellular matrix remodeling
EMT epithelial-mesenchymal transition
ERK extracellular signal-regulated kinase
FAK focal adhesion kinase
FAP fibroblast activation protein
FGF-1 fibroblast growth factor-1
GRP78 glucose-regulating protein 78
HGF hepatocyte growth factor
GPR77 G protein-coupled receptor 77
MAPK mitogen-activated protein kinase
MCT4 monocarboxylate transporters 4
MDSCs myeloid-derived suppressor cells
MMP3 matrix metalloproteinase-3
MSCs mesenchymal stem cells
PARP poly ADP-ribose polymerase
PDAC pancreatic ductal adenocarcinoma
PDGF platelet-derived growth factor
PI3K phosphatidylinositol 3-kinase
PDGFRα/β platelet-derived growth factor receptor-α/-β
PFKFB2 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2
PS-1 presenilin-1
p38αMAPK p38alpha mitogen-activated protein kinase
STAT3 signal transducer and activator of transcription 3
TGF-β transforming growth factor-beta
TIME tumor immune microenvironment
TME tumor microenvironment
VCAN versican
α-SMA α-smooth muscle actin

References
1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of

incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [CrossRef] [PubMed]
2. Lheureux, S.; Gourley, C.; Vergote, I.; Oza, A.M. Epithelial ovarian cancer. Lancet 2019, 393, 1240–1253. [CrossRef]
3. Chen, W.; Zheng, R.; Baade, P.D.; Zhang, S.; Zeng, H.; Bray, F.; Jemal, A.; Yu, X.Q.; He, J. Cancer statistics in China, 2015. CA

Cancer J. Clin. 2016, 66, 115–132. [CrossRef] [PubMed]
4. Colombo, N.; Sessa, C.; du Bois, A.; Ledermann, J.; McCluggage, W.G.; McNeish, I.; Morice, P.; Pignata, S.; Ray-Coquard, I.;

Vergote, I.; et al. ESMO-ESGO consensus conference recommendations on ovarian cancer: Pathology and molecular biology, early
and advanced stages, borderline tumours and recurrent disease. Ann. Oncol. 2019, 30, 672–705. [CrossRef] [PubMed]

5. Piver, M.S. Treatment of ovarian cancer at the crossroads: 50 years after single-agent melphalan chemotherapy. Oncology 2006, 20,
1156–1158.

6. Armstrong, D.K.; Alvarez, R.D.; Bakkum-Gamez, J.N.; Barroilhet, L.; Behbakht, K.; Berchuck, A.; Chen, L.M.; Cristea, M.; DeRosa,
M.; Eisenhauer, E.L.; et al. Ovarian Cancer, Version 2.2020, NCCN Clinical Practice Guidelines in Oncology. J. Natl. Compr. Cancer
Netw. 2021, 19, 191–226. [CrossRef]

7. Odunsi, K. Immunotherapy in ovarian cancer. Ann. Oncol. 2017, 28, viii1–viii7. [CrossRef]
8. Paget, S. The distribution of secondary growths in cancer of the breast. Lancet 1889, 133, 571–573. [CrossRef]
9. Sahai, E.; Astsaturov, I.; Cukierman, E.; DeNardo, D.G.; Egeblad, M.; Evans, R.M.; Fearon, D.; Greten, F.R.; Hingorani, S.R.;

Hunter, T.; et al. A framework for advancing our understanding of cancer-associated fibroblasts. Nat. Rev. Cancer 2020, 20,
174–186. [CrossRef]

http://doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://doi.org/10.1016/S0140-6736(18)32552-2
http://doi.org/10.3322/caac.21338
http://www.ncbi.nlm.nih.gov/pubmed/26808342
http://doi.org/10.1093/annonc/mdz062
http://www.ncbi.nlm.nih.gov/pubmed/31046081
http://doi.org/10.6004/jnccn.2021.0007
http://doi.org/10.1093/annonc/mdx444
http://doi.org/10.1016/S0140-6736(00)49915-0
http://doi.org/10.1038/s41568-019-0238-1


Cancers 2022, 14, 2637 16 of 20

10. Polyak, K.; Haviv, I.; Campbell, I.G. Co-evolution of tumor cells and their microenvironment. Trends Genet. 2009, 25, 30–38.
[CrossRef]

11. Kalluri, R. The biology and function of fibroblasts in cancer. Nat. Rev. Cancer 2016, 16, 582–598. [CrossRef] [PubMed]
12. Biffi, G.; Tuveson, D.A. Diversity and Biology of Cancer-Associated Fibroblasts. Physiol. Rev. 2021, 101, 147–176. [CrossRef]

[PubMed]
13. Zanotelli, M.R.; Reinhart-King, C.A. Mechanical Forces in Tumor Angiogenesis. Adv. Exp. Med. Biol. 2018, 1092, 91–112. [PubMed]
14. Zheng, X.; Carstens, J.L.; Kim, J.; Scheible, M.; Kaye, J.; Sugimoto, H.; Wu, C.C.; LeBleu, V.S.; Kalluri, R. Epithelial-to-mesenchymal

transition is dispensable for metastasis but induces chemoresistance in pancreatic cancer. Nature 2015, 527, 525–530. [CrossRef]
15. Özdemir, B.C.; Pentcheva-Hoang, T.; Carstens, J.L.; Zheng, X.; Wu, C.C.; Simpson, T.R.; Laklai, H.; Sugimoto, H.; Kahlert, C.;

Novitskiy, S.V.; et al. Depletion of carcinoma-associated fibroblasts and fibrosis induces immunosuppression and accelerates
pancreas cancer with reduced survival. Cancer Cell. 2014, 25, 719–734. [CrossRef]

16. Rhim, A.D.; Oberstein, P.E.; Thomas, D.H.; Mirek, E.T.; Palermo, C.F.; Sastra, S.A.; Dekleva, E.N.; Saunders, T.; Becerra, C.P.;
Tattersall, I.W.; et al. Stromal elements act to restrain, rather than support, pancreatic ductal adenocarcinoma. Cancer Cell 2014, 25,
735–747. [CrossRef] [PubMed]

17. Strom, T.; Harrison, L.B.; Giuliano, A.R.; Schell, M.J.; Eschrich, S.A.; Berglund, A.; Fulp, W.; Thapa, R.; Coppola, D.; Kim, S.;
et al. Tumour radiosensitivity is associated with immune activation in solid tumours. Eur. J. Cancer 2017, 84, 304–314. [CrossRef]
[PubMed]

18. van Maaren, M.C.; de Munck, L.; de Bock, G.H.; Jobsen, J.J.; van Dalen, T.; Linn, S.C.; Poortmans, P.; Strobbe, L.J.A.; Siesling,
S. 10 year survival after breast-conserving surgery plus radiotherapy compared with mastectomy in early breast cancer in the
Netherlands: A population-based study. Lancet Oncol. 2016, 17, 1158–1170. [CrossRef]

19. Desbois, M.; Wang, Y. Cancer-associated fibroblasts: Key players in shaping the tumor immune microenvironment. Immunol. Rev.
2021, 302, 241–258. [CrossRef]

20. Dulauroy, S.; Di Carlo, S.E.; Langa, F.; Eberl, G.; Peduto, L. Lineage tracing and genetic ablation of ADAM12(+) perivascular cells
identify a major source of profibrotic cells during acute tissue injury. Nat. Med. 2012, 18, 1262–1270. [CrossRef]

21. Jotzu, C.; Alt, E.; Welte, G.; Li, J.; Hennessy, B.T.; Devarajan, E.; Krishnappa, S.; Pinilla, S.; Droll, L.; Song, Y.H. Adipose tissue
derived stem cells differentiate into carcinoma-associated fibroblast-like cells under the influence of tumor derived factors. Cell
Oncol. 2011, 34, 55–67. [CrossRef] [PubMed]

22. Potenta, S.; Zeisberg, E.; Kalluri, R. The role of endothelial-to-mesenchymal transition in cancer progression. Br. J. Cancer 2008, 99,
1375–1379. [CrossRef] [PubMed]

23. Quante, M.; Tu, S.P.; Tomita, H.; Gonda, T.; Wang, S.S.; Takashi, S.; Baik, G.H.; Shibata, W.; Diprete, B.; Betz, K.S.; et al. Bone
marrow-derived myofibroblasts contribute to the mesenchymal stem cell niche and promote tumor growth. Cancer Cell 2011, 19,
257–272. [CrossRef] [PubMed]

24. Sharon, Y.; Raz, Y.; Cohen, N.; Ben-Shmuel, A.; Schwartz, H.; Geiger, T.; Erez, N. Tumor-derived osteopontin reprograms normal
mammary fibroblasts to promote inflammation and tumor growth in breast cancer. Cancer Res. 2015, 75, 963–973. [CrossRef]
[PubMed]

25. Thiery, J.P.; Sleeman, J.P. Complex networks orchestrate epithelial-mesenchymal transitions. Nat. Rev. Mol. Cell Biol. 2006, 7,
131–142. [CrossRef]

26. Gerard, N.P.; Lu, B.; Liu, P.; Craig, S.; Fujiwara, Y.; Okinaga, S.; Gerard, C. An anti-inflammatory function for the complement
anaphylatoxin C5a-binding protein, C5L2. J. Biol. Chem. 2005, 280, 39677–39680. [CrossRef]

27. Guido, C.; Whitaker-Menezes, D.; Capparelli, C.; Balliet, R.; Lin, Z.; Pestell, R.G.; Howell, A.; Aquila, S.; Andò, S.; Martinez-
Outschoorn, U.; et al. Metabolic reprogramming of cancer-associated fibroblasts by TGF-β drives tumor growth: Connecting
TGF-β signaling with “Warburg-like” cancer metabolism and L-lactate production. Cell Cycle 2012, 11, 3019–3035. [CrossRef]

28. Kanzaki, R.; Pietras, K. Heterogeneity of cancer-associated fibroblasts: Opportunities for precision medicine. Cancer Sci. 2020, 111,
2708–2717. [CrossRef]

29. Mhaidly, R.; Mechta-Grigoriou, F. Fibroblast heterogeneity in tumor micro-environment: Role in immunosuppression and new
therapies. Semin. Immunol. 2020, 48, 101417. [CrossRef]

30. Nurmik, M.; Ullmann, P.; Rodriguez, F.; Haan, S.; Letellier, E. In search of definitions: Cancer-associated fibroblasts and their
markers. Int. J. Cancer 2020, 146, 895–905. [CrossRef]

31. Jiang, H.; Hegde, S.; Knolhoff, B.L.; Zhu, Y.; Herndon, J.M.; Meyer, M.A.; Nywening, T.M.; Hawkins, W.G.; Shapiro, I.M.; Weaver,
D.T.; et al. Targeting focal adhesion kinase renders pancreatic cancers responsive to checkpoint immunotherapy. Nat. Med. 2016,
22, 851–860. [CrossRef] [PubMed]

32. Olive, K.P.; Jacobetz, M.A.; Davidson, C.J.; Gopinathan, A.; McIntyre, D.; Honess, D.; Madhu, B.; Goldgraben, M.A.; Caldwell,
M.E.; Allard, D.; et al. Inhibition of Hedgehog signaling enhances delivery of chemotherapy in a mouse model of pancreatic
cancer. Science 2009, 324, 1457–1461. [CrossRef] [PubMed]

33. Pietras, K.; Pahler, J.; Bergers, G.; Hanahan, D. Functions of paracrine PDGF signaling in the proangiogenic tumor stroma revealed
by pharmacological targeting. PLoS Med. 2008, 5, e19. [CrossRef] [PubMed]

34. Albrengues, J.; Bertero, T.; Grasset, E.; Bonan, S.; Maiel, M.; Bourget, I.; Philippe, C.; Herraiz Serrano, C.; Benamar, S.; Croce, O.;
et al. Epigenetic switch drives the conversion of fibroblasts into proinvasive cancer-associated fibroblasts. Nat. Commun. 2015,
6, 10204. [CrossRef]

http://doi.org/10.1016/j.tig.2008.10.012
http://doi.org/10.1038/nrc.2016.73
http://www.ncbi.nlm.nih.gov/pubmed/27550820
http://doi.org/10.1152/physrev.00048.2019
http://www.ncbi.nlm.nih.gov/pubmed/32466724
http://www.ncbi.nlm.nih.gov/pubmed/30368750
http://doi.org/10.1038/nature16064
http://doi.org/10.1016/j.ccr.2014.04.005
http://doi.org/10.1016/j.ccr.2014.04.021
http://www.ncbi.nlm.nih.gov/pubmed/24856585
http://doi.org/10.1016/j.ejca.2017.08.001
http://www.ncbi.nlm.nih.gov/pubmed/28863385
http://doi.org/10.1016/S1470-2045(16)30067-5
http://doi.org/10.1111/imr.12982
http://doi.org/10.1038/nm.2848
http://doi.org/10.1007/s13402-011-0012-1
http://www.ncbi.nlm.nih.gov/pubmed/21327615
http://doi.org/10.1038/sj.bjc.6604662
http://www.ncbi.nlm.nih.gov/pubmed/18797460
http://doi.org/10.1016/j.ccr.2011.01.020
http://www.ncbi.nlm.nih.gov/pubmed/21316604
http://doi.org/10.1158/0008-5472.CAN-14-1990
http://www.ncbi.nlm.nih.gov/pubmed/25600648
http://doi.org/10.1038/nrm1835
http://doi.org/10.1074/jbc.C500287200
http://doi.org/10.4161/cc.21384
http://doi.org/10.1111/cas.14537
http://doi.org/10.1016/j.smim.2020.101417
http://doi.org/10.1002/ijc.32193
http://doi.org/10.1038/nm.4123
http://www.ncbi.nlm.nih.gov/pubmed/27376576
http://doi.org/10.1126/science.1171362
http://www.ncbi.nlm.nih.gov/pubmed/19460966
http://doi.org/10.1371/journal.pmed.0050019
http://www.ncbi.nlm.nih.gov/pubmed/18232728
http://doi.org/10.1038/ncomms10204


Cancers 2022, 14, 2637 17 of 20

35. Erez, N.; Truitt, M.; Olson, P.; Arron, S.T.; Hanahan, D. Cancer-Associated Fibroblasts Are Activated in Incipient Neoplasia to
Orchestrate Tumor-Promoting Inflammation in an NF-kappaB-Dependent Manner. Cancer Cell 2010, 17, 135–147. [CrossRef]

36. Giannoni, E.; Bianchini, F.; Masieri, L.; Serni, S.; Torre, E.; Calorini, L.; Chiarugi, P. Reciprocal activation of prostate cancer
cells and cancer-associated fibroblasts stimulates epithelial-mesenchymal transition and cancer stemness. Cancer Res. 2010, 70,
6945–6956. [CrossRef]

37. Kojima, Y.; Acar, A.; Eaton, E.N.; Mellody, K.T.; Scheel, C.; Ben-Porath, I.; Onder, T.T.; Wang, Z.C.; Richardson, A.L.; Weinberg,
R.A.; et al. Autocrine TGF-beta and stromal cell-derived factor-1 (SDF-1) signaling drives the evolution of tumor-promoting
mammary stromal myofibroblasts. Proc. Natl. Acad. Sci. USA 2010, 107, 20009–20014. [CrossRef]

38. Mitra, A.K.; Zillhardt, M.; Hua, Y.; Tiwari, P.; Murmann, A.E.; Peter, M.E.; Lengyel, E. MicroRNAs reprogram normal fibroblasts
into cancer-associated fibroblasts in ovarian cancer. Cancer Discov. 2012, 2, 1100–1108. [CrossRef]

39. Yang, F.; Ning, Z.; Ma, L.; Liu, W.; Shao, C.; Shu, Y.; Shen, H. Exosomal miRNAs and miRNA dysregulation in cancer-associated
fibroblasts. Mol. Cancer 2017, 16, 148. [CrossRef]

40. Avery, D.; Govindaraju, P.; Jacob, M.; Todd, L.; Monslow, J.; Puré, E. Extracellular matrix directs phenotypic heterogeneity of
activated fibroblasts. Matrix Biol. 2018, 67, 90–106. [CrossRef]

41. Givel, A.M.; Kieffer, Y.; Scholer-Dahirel, A.; Sirven, P.; Cardon, M.; Pelon, F.; Magagna, I.; Gentric, G.; Costa, A.; Bonneau, C.; et al.
miR200-regulated CXCL12β promotes fibroblast heterogeneity and immunosuppression in ovarian cancers. Nat. Commun. 2018,
9, 1056. [CrossRef] [PubMed]

42. Elyada, E.; Bolisetty, M.; Laise, P.; Flynn, W.F.; Courtois, E.T.; Burkhart, R.A.; Teinor, J.A.; Belleau, P.; Biffi, G.; Lucito, M.S.;
et al. Cross-Species Single-Cell Analysis of Pancreatic Ductal Adenocarcinoma Reveals Antigen-Presenting Cancer-Associated
Fibroblasts. Cancer Discov. 2019, 9, 1102–1123. [CrossRef] [PubMed]

43. Hornburg, M.; Desbois, M.; Lu, S.; Guan, Y.H.; Lo, A.A.; Kaufman, S.; Elrod, A.; Lotstein, A.; DesRochers, T.M.; Munoz-Rodriguez,
J.L.; et al. Single-cell dissection of cellular components and interactions shaping the tumor immune phenotypes in ovarian cancer.
Cancer Cell 2021, 39, 928–944. [CrossRef] [PubMed]

44. Izar, B.; Tirosh, I.; Stover, E.H.; Wakiro, I.; Cuoco, M.S.; Alter, I.; Rodman, C.; Leeson, R.; Su, M.J.; Shah, P.; et al. A single-cell
landscape of high-grade serous ovarian cancer. Nat. Med. 2020, 26, 1271–1279. [CrossRef]

45. Mei, D.; Zhu, Y.; Zhang, L.; Wei, W. The Role of CTHRC1 in Regulation of Multiple Signaling and Tumor Progression and
Metastasis. Mediat. Inflamm. 2020, 2020, 9578701. [CrossRef]

46. Wu, Y.H.; Huang, Y.F.; Chang, T.H.; Chen, C.C.; Wu, P.Y.; Huang, S.C.; Chou, C.Y. COL11A1 activates cancer-associated fibroblasts
by modulating TGF-β3 through the NF-κB/IGFBP2 axis in ovarian cancer cells. Oncogene 2021, 40, 4503–4519. [CrossRef]

47. Wu, Y.H.; Chang, T.H.; Huang, Y.F.; Huang, H.D.; Chou, C.Y. COL11A1 promotes tumor progression and predicts poor clinical
outcome in ovarian cancer. Oncogene 2014, 33, 3432–3440. [CrossRef]

48. Yeung, T.L.; Leung, C.S.; Wong, K.K.; Samimi, G.; Thompson, M.S.; Liu, J.; Zaid, T.M.; Ghosh, S.; Birrer, M.J.; Mok, S.C. TGF-β
modulates ovarian cancer invasion by upregulating CAF-derived versican in the tumor microenvironment. Cancer Res. 2013, 73,
5016–5028. [CrossRef]

49. Deying, W.; Feng, G.; Shumei, L.; Hui, Z.; Ming, L.; Hongqing, W. CAF-derived HGF promotes cell proliferation and drug
resistance by up-regulating the c-Met/PI3K/Akt and GRP78 signalling in ovarian cancer cells. Biosci. Rep. 2017, 37, BSR20160470.
[CrossRef]

50. Sun, Y.; Fan, X.; Zhang, Q.; Shi, X.; Xu, G.; Zou, C. Cancer-associated fibroblasts secrete FGF-1 to promote ovarian proliferation,
migration, and invasion through the activation of FGF-1/FGFR4 signaling. Tumour. Biol. 2017, 39, 1010428317712592. [CrossRef]

51. Flavell, R.A.; Sanjabi, S.; Wrzesinski, S.H.; Licona-Limón, P. The polarization of immune cells in the tumour environment by
TGFbeta. Nat. Rev. Immunol. 2010, 10, 554–567. [CrossRef]

52. Affo, S.; Yu, L.X.; Schwabe, R.F. The Role of Cancer-Associated Fibroblasts and Fibrosis in Liver Cancer. Annu. Rev. Pathol. 2017,
12, 153–186. [CrossRef] [PubMed]

53. Batlle, E.; Massagué, J. Transforming Growth Factor-β Signaling in Immunity and Cancer. Immunity 2019, 50, 924–940. [CrossRef]
[PubMed]

54. Sanjabi, S.; Oh, S.A.; Li, M.O. Regulation of the Immune Response by TGF-β: From Conception to Autoimmunity and Infection.
Cold Spring Harb. Perspect. Biol. 2017, 9, a022236. [CrossRef] [PubMed]

55. Zhang, H.; Jiang, R.; Zhou, J.; Wang, J.; Xu, Y.; Zhang, H.; Gu, Y.; Fu, F.; Shen, Y.; Zhang, G.; et al. CTL Attenuation Regulated by
PS1 in Cancer-Associated Fibroblast. Front. Immunol. 2020, 11, 999. [CrossRef] [PubMed]

56. Feig, C.; Jones, J.O.; Kraman, M.; Wells, R.J.B.; Deonarine, A.; Chan, D.S.; Connell, C.M.; Roberts, E.W.; Zhao, Q.; Caballero, O.L.;
et al. Targeting CXCL12 from FAP-expressing carcinoma-associated fibroblasts synergizes with anti-PD-L1 immunotherapy in
pancreatic cancer. Proc. Natl. Acad. Sci. USA 2013, 110, 20212–20217. [CrossRef]

57. Shani, O.; Vorobyov, T.; Monteran, L.; Lavie, D.; Cohen, N.; Raz, Y.; Tsarfaty, G.; Avivi, C.; Barshack, I.; Erez, N. Fibroblast-Derived
IL33 Facilitates Breast Cancer Metastasis by Modifying the Immune Microenvironment and Driving Type 2 Immunity. Cancer Res.
2020, 80, 5317–5329. [CrossRef]

58. Bretz, N.P.; Ridinger, J.; Rupp, A.-K.; Rimbach, K.; Keller, S.; Rupp, C.; Marmé, F.; Umansky, L.; Umansky, V.; Eigenbrod, T.; et al.
Body fluid exosomes promote secretion of inflammatory cytokines in monocytic cells via Toll-like receptor signaling. J. Biol. Chem.
2013, 288, 36691–36702. [CrossRef]

http://doi.org/10.1016/j.ccr.2009.12.041
http://doi.org/10.1158/0008-5472.CAN-10-0785
http://doi.org/10.1073/pnas.1013805107
http://doi.org/10.1158/2159-8290.CD-12-0206
http://doi.org/10.1186/s12943-017-0718-4
http://doi.org/10.1016/j.matbio.2017.12.003
http://doi.org/10.1038/s41467-018-03348-z
http://www.ncbi.nlm.nih.gov/pubmed/29535360
http://doi.org/10.1158/2159-8290.CD-19-0094
http://www.ncbi.nlm.nih.gov/pubmed/31197017
http://doi.org/10.1016/j.ccell.2021.04.004
http://www.ncbi.nlm.nih.gov/pubmed/33961783
http://doi.org/10.1038/s41591-020-0926-0
http://doi.org/10.1155/2020/9578701
http://doi.org/10.1038/s41388-021-01865-8
http://doi.org/10.1038/onc.2013.307
http://doi.org/10.1158/0008-5472.CAN-13-0023
http://doi.org/10.1042/BSR20160470
http://doi.org/10.1177/1010428317712592
http://doi.org/10.1038/nri2808
http://doi.org/10.1146/annurev-pathol-052016-100322
http://www.ncbi.nlm.nih.gov/pubmed/27959632
http://doi.org/10.1016/j.immuni.2019.03.024
http://www.ncbi.nlm.nih.gov/pubmed/30995507
http://doi.org/10.1101/cshperspect.a022236
http://www.ncbi.nlm.nih.gov/pubmed/28108486
http://doi.org/10.3389/fimmu.2020.00999
http://www.ncbi.nlm.nih.gov/pubmed/32587587
http://doi.org/10.1073/pnas.1320318110
http://doi.org/10.1158/0008-5472.CAN-20-2116
http://doi.org/10.1074/jbc.M113.512806


Cancers 2022, 14, 2637 18 of 20

59. Curtis, M.; Kenny, H.A.; Ashcroft, B.; Mukherjee, A.; Johnson, A.; Zhang, Y.; Helou, Y.; Batlle, R.; Liu, X.; Gutierrez, N.; et al.
Fibroblasts Mobilize Tumor Cell Glycogen to Promote Proliferation and Metastasis. Cell Metab. 2019, 29, 141–155.e149. [CrossRef]

60. Zhao, L.; Ji, G.; Le, X.; Wang, C.; Xu, L.; Feng, M.; Zhang, Y.; Yang, H.; Xuan, Y.; Yang, Y.; et al. Long Noncoding RNA LINC00092
Acts in Cancer-Associated Fibroblasts to Drive Glycolysis and Progression of Ovarian Cancer. Cancer Res. 2017, 77, 1369–1382.
[CrossRef]

61. Capparelli, C.; Guido, C.; Whitaker-Menezes, D.; Bonuccelli, G.; Balliet, R.; Pestell, T.G.; Goldberg, A.F.; Pestell, R.G.; Howell,
A.; Sneddon, S.; et al. Autophagy and senescence in cancer-associated fibroblasts metabolically supports tumor growth and
metastasis via glycolysis and ketone production. Cell Cycle 2012, 11, 2285–2302. [CrossRef] [PubMed]

62. Martinez-Outschoorn, U.E.; Balliet, R.M.; Lin, Z.; Whitaker-Menezes, D.; Howell, A.; Sotgia, F.; Lisanti, M.P. Hereditary ovarian
cancer and two-compartment tumor metabolism: Epithelial loss of BRCA1 induces hydrogen peroxide production, driving
oxidative stress and NFκB activation in the tumor stroma. Cell Cycle 2012, 11, 4152–4166. [CrossRef] [PubMed]

63. Ko, S.Y.; Barengo, N.; Ladanyi, A.; Lee, J.S.; Marini, F.; Lengyel, E.; Naora, H. HOXA9 promotes ovarian cancer growth by
stimulating cancer-associated fibroblasts. J. Clin. Investig. 2012, 122, 3603–3617. [CrossRef]

64. Delaine-Smith, R.M.; Maniati, E.; Malacrida, B.; Nichols, S.; Roozitalab, R.; Jones, R.R.; Lecker, L.S.M.; Pearce, O.M.T.; Knight,
M.M.; Balkwill, F.R. Modelling TGFβR and Hh pathway regulation of prognostic matrisome molecules in ovarian cancer. iScience
2021, 24, 102674. [CrossRef] [PubMed]

65. Yue, H.; Li, W.; Chen, R.; Wang, J.; Lu, X.; Li, J. Stromal POSTN induced by TGF-β1 facilitates the migration and invasion of
ovarian cancer. Gynecol. Oncol. 2021, 160, 530–538. [CrossRef]

66. Zhang, Q.; Hou, X.; Evans, B.J.; VanBlaricom, J.L.; Weroha, S.J.; Cliby, W.A. LY2157299 Monohydrate, a TGF-βR1 Inhibitor,
Suppresses Tumor Growth and Ascites Development in Ovarian Cancer. Cancers 2018, 10, 260. [CrossRef]

67. Gao, Q.; Yang, Z.; Xu, S.; Li, X.; Yang, X.; Jin, P.; Liu, Y.; Zhou, X.; Zhang, T.; Gong, C.; et al. Heterotypic CAF-tumor spheroids
promote early peritoneal metastatis of ovarian cancer. J. Exp. Med. 2019, 216, 688–703. [CrossRef]

68. Wei, R.; Lv, M.; Li, F.; Cheng, T.; Zhang, Z.; Jiang, G.; Zhou, Y.; Gao, R.; Wei, X.; Lou, J.; et al. Human CAFs promote
lymphangiogenesis in ovarian cancer via the Hh-VEGF-C signaling axis. Oncotarget 2017, 8, 67315–67328. [CrossRef]

69. Santin, A.D.; Bellone, S.; Ravaggi, A.; Pecorelli, S.; Cannon, M.J.; Parham, G.P. Induction of ovarian tumor-specific CD8+ cytotoxic
T lymphocytes by acid-eluted peptide-pulsed autologous dendritic cells. Obstet. Gynecol. 2000, 96, 422–430.

70. Santin, A.D.; Hermonat, P.L.; Ravaggi, A.; Bellone, S.; Roman, J.J.; Smith, C.V.; Pecorelli, S.; Radominska-Pandya, A.; Cannon, M.J.;
Parham, G.P. Phenotypic and functional analysis of tumor-infiltrating lymphocytes compared with tumor-associated lymphocytes
from ascitic fluid and peripheral blood lymphocytes in patients with advanced ovarian cancer. Gynecol. Obstet. Investig. 2001, 51,
254–261. [CrossRef]

71. Zhang, L.; Conejo-Garcia, J.R.; Katsaros, D.; Gimotty, P.A.; Massobrio, M.; Regnani, G.; Makrigiannakis, A.; Gray, H.; Schlienger,
K.; Liebman, M.N.; et al. Intratumoral T cells, recurrence, and survival in epithelial ovarian cancer. N. Engl. J. Med. 2003, 348,
203–213. [CrossRef] [PubMed]

72. Desbois, M.; Udyavar, A.R.; Ryner, L.; Kozlowski, C.; Guan, Y.; Dürrbaum, M.; Lu, S.; Fortin, J.P.; Koeppen, H.; Ziai, J.; et al.
Integrated digital pathology and transcriptome analysis identifies molecular mediators of T-cell exclusion in ovarian cancer. Nat.
Commun. 2020, 11, 5583. [CrossRef] [PubMed]

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

74. Li, J.; Wang, J.; Chen, R.; Bai, Y.; Lu, X. The prognostic value of tumor-infiltrating T lymphocytes in ovarian cancer. Oncotarget
2017, 8, 15621–15631. [CrossRef] [PubMed]

75. Roufas, C.; Chasiotis, D.; Makris, A.; Efstathiades, C.; Dimopoulos, C.; Zaravinos, A. The Expression and Prognostic Impact of
Immune Cytolytic Activity-Related Markers in Human Malignancies: A Comprehensive Meta-analysis. Front. Oncol. 2018, 8, 27.
[CrossRef]

76. Hegde, P.S.; Karanikas, V.; Evers, S. The Where, the When, and the How of Immune Monitoring for Cancer Immunotherapies in
the Era of Checkpoint Inhibition. Clin. Cancer Res. 2016, 22, 1865–1874. [CrossRef]

77. Shukla, S.A.; Rooney, M.S.; Rajasagi, M.; Tiao, G.; Dixon, P.M.; Lawrence, M.S.; Stevens, J.; Lane, W.J.; Dellagatta, J.L.; Steelman, S.;
et al. Comprehensive analysis of cancer-associated somatic mutations in class I HLA genes. Nat. Biotechnol. 2015, 33, 1152–1158.
[CrossRef]
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