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Abstract: The tumor microenvironment (TME) in ovarian cancer (OC) has much greater complexity
than previously understood. In response to aggressive pro-angiogenic stimulus, blood vessels form
rapidly and are dysfunctional, resulting in poor perfusion, tissue hypoxia, and leakiness, which
leads to increased interstitial fluid pressure (IFP). Decreased perfusion and high IFP significantly
inhibit the uptake of therapies into the tumor. Within the TME, there are numerous inhibitor
cells, such as myeloid-derived suppressor cells (MDSCs), tumor association macrophages (TAMs),
regulatory T cells (Tregs), and cancer-associated fibroblasts (CAFs) that secrete high numbers of
immunosuppressive cytokines. This immunosuppressive environment is thought to contribute to
the lack of success of immunotherapies such as immune checkpoint inhibitor (ICI) treatment. This
review discusses the components of the TME in OC, how these characteristics impede therapeutic
efficacy, and some strategies to alleviate this inhibition.

Keywords: tumor microenvironment; ovarian cancer; immunosuppression; interstitial fluid pressure;
vascular normalization; tumor angiogenesis

1. Introduction
1.1. OC Biology and Subtypes

OC is the most lethal gynecologic malignancy and the fifth leading cause of cancer-
related death in women. Due to its vague, non-specific symptoms and the lack of effective
screening strategies, OC is often not diagnosed until advanced stages of disease, where
treatments have reduced efficacy, and the 5-year survival rate is poor. Therapeutic strategies
for advanced OC have remained unchanged for decades and typically involve cytoreductive
surgery followed by platinum- and taxane-based chemotherapy. The inhospitable and
immunosuppressive ovarian TME presents several potent barriers to chemotherapeutic
success, frequently resulting in therapy resistance and disease relapse. Thus, there is a need
for innovative approaches to improve the management and prognosis of this devastating
disease. This review focuses on a description of the OC microenvironment, its impact on
therapeutic success, and potential avenues to address these issues.

1.2. Classification and Histopathology

OC is classified by histological subtype, according to which ~90% of OCs are of
epithelial origin (Figure 1). Non-epithelial subtypes include germ cell and sex cord stromal
cancers, which comprise less than 10% of all OCs and are associated with a more favourable
prognosis. Epithelial ovarian tumors have three origin sites, namely ovarian, tubal, or other
epithelial sites within the pelvis. Epithelial ovarian malignancies are divided into type I and
type II tumors and include four primary histologic subtypes, namely serous, endometrioid,
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mucinous, and clear cell. Serous carcinomas are categorized as high-grade (HGSCs) or
low-grade serous carcinomas (LGSCs), of which HGSCs account for ~75% of all epithelial
subtypes and are known as the most aggressive and fatal ovarian malignancies. Unlike
type I tumors, which are thought to originate in the ovaries, type II tumors tend to originate
in the distal fallopian tube epithelium and migrate to the ovary. Type II tumors, which are
frequently linked to germline mutations of the BRCA genes or somatic p53 mutations, are
usually diagnosed at stage III, when cancer has spread beyond the pelvic cavity, and the
5-year survival rate is less than 30% [1].
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Figure 1. OC histotypes and their incidence. OC is classified based on their cell type of origin, with
HGSC being the most common subtype.

1.3. Diagnosis and Standard of Care

Due to the presence of vague, non-specific symptoms (e.g., abdominal bloating/pain,
feeling full, and urinary frequency), many women are not prompted to seek medical
care, resulting in diagnosis at an advanced stage. Screening for OC is challenged by
the lack of markers with sufficient sensitivity and specificity. As such, early detection for
ovarian malignancies remains an unmet medical challenge. OC diagnosis typically involves
transvaginal sonography, which is useful in screening for pelvic masses, and a blood test
for cancer antigen 125 (CA125); however, conclusive diagnosis of malignancy requires a
tissue biopsy.

Standard first-line treatment for advanced HGSC OC involves cytoreductive surgery
with dose-dense carboplatin and paclitaxel chemotherapy. Despite initial responsiveness
to chemotherapy in ~70% of women, within 3 years of primary therapy, the majority of
patients develop disease recurrence and become refractory to chemotherapy [2]. This
therapeutic approach has not changed appreciably in decades and highlights a desperate
need for novel treatment strategies to improve the prognosis for women diagnosed with OC.

Despite ongoing clinical trials and continuous scientific discovery, OC persists as
one of the most lethal malignancies in women [3]. Unfavourable clinical outcomes are
primarily attributed to the complex and heterogeneous nature of the TME [4]. Many
cancer treatments aim to target cancer cells while ignoring surrounding tumor components,
and the heterogeneous TME can potentiate therapy resistance and subsequent tumor
recurrence [4]. Thus, the intricate characteristics of the OC TME pose challenges for
therapeutic intervention.

2. The TME

The TME is composed of cellular and noncellular constituents, including fibroblasts,
endothelial cells, and immune cells, as well as the extracellular matrix (ECM); ECM re-
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modeling enzymes, such as matrix metalloproteinases (MMPs); growth factors, including
vascular endothelial growth factor (VEGF), transforming growth factor beta (TGF-B), and
platelet-derived growth factor (PDGF); and the tumor stroma, respectively [5]. The stroma
has a profound impact on many hallmarks of cancer and plays a crucial role in tumorigene-
sis, therapy resistance, and metastasis [4]. The ECM is composed of collagens, glycoproteins,
and proteoglycans, which provide structural support but also regulate cellular function
within ovarian tumors [6]. Proteins and secreted factors associated with the ECM are impor-
tant in providing biochemical and biomechanical stimuli that regulate the function of many
cell types within the tumor [7,8]. The ECM impacts cell function by activating receptors
such as integrins and syndecans and can have indirect effects by modulating receptor
binding site availability or proximity [9]. Tumor cells have abnormal ECM deposition,
which can alter physical characteristics of the cells, often increasing mechanical stiffness,
inducing proliferation, invasion, and resistance to cell death [10]. Due to the reciprocal
interaction between cancer cells and the ECM, targeting the ECM as a therapeutic approach
has shown some preclinical promise but no significant clinical impact to date [11]. The pres-
ence of a significant stromal component in OC has been associated with poor prognosis of
advanced-stage OC [12]. Tumor cells orchestrate the recruitment and activation of stromal
cells within the TME and release inflammatory and pro-fibrotic factors, including TGF-B,
PDGE, and fibroblast growth factor-2 (FGF-2), amongst others, inducing differentiation of
stromal cells into CAFs [13,14]. CAFs are essential in the development of desmoplasia and
are involved in the remodeling of the TME to facilitate cancer progression [15]. Fibroblasts
become activated under stressful conditions and are recruited in response to epithelial
damage, after which they begin secreting signal mediators to guide wound healing and
immune functions [16]. Normal activated fibroblasts are supposed to be cleared through
apoptosis after the tissue is healed [17], but some cells resist this apoptotic signal and are
labeled CAFs [16]. CAFs are a heterogenous population that promotes tumor development
through different mechanisms [18]. More specifically, CAFs release MMPs that degrade
components of the ECM, including fibronectin and collagen [15]. In OC, the MMP family
has been shown to play a role in promoting tumor growth and invasion, inflammation, and
angiogenesis [19]. MMP-2 and MMP-9 protein expression in stromal cells was found to be
significantly related to advanced-stage disease and poor prognosis [20]. The abundance of
CAPFs, pericytes, and mesenchymal stem cells (MSCs) in the TME has also been associated
with late-stage disease, resistance to treatment, and increased lymphatic and microvessel
density [21].

3. Tumor Vasculature

Angiogenesis is the process by which new blood vessels form from pre-existing vas-
culature and is crucial for the continued growth of tumors and survival of cancer cells.
Without initiating angiogenesis, tumors cannot exceed 1-2 mm? due to limited nutrient
and oxygen supplies and a lack of waste removal [22]. In the absence of adequate vascular-
ization, tumor cells become necrotic [22]. In a quiescent tumor, pro-angiogenic factors such
as VEGF-A are counter-balanced by anti-angiogenic factors such as angiostatin and throm-
bospondin [23]. For tumor angiogenesis to occur, there needs to be an “angiogenic switch”
in which there is an upregulation of pro-angiogenic factors and a concomitant suppression
of anti-angiogenic factors within the tumor. Notably, in response to hypoxic conditions,
hypoxia-inducible factors (HIFs) become active [23]. In response to tumor hypoxia, HIF-
la is stabilized, resulting in the upregulation of pro-angiogenic factors, including VEGF,
PDGEF, and FGF-2 [23]. Cathepsin proteases have been implicated in the remodeling of
the tumor ECM and the promotion a permissive environment for vessel development and
migration [24,25]. Cathepsin L promotes metastatic migration of EOC cells to the omentum
by increasing omental angiogenesis [26], at least partly by inducing the expression of
galectin-1 in human omental microvascular endothelial cells, driving proliferation and
increased vessel density [27]. Cathepsin D is pro-angiogenic as well, inducing blood vessel
formation in a chick chorioallantoic membrane CAM assay [28], and has been shown to
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cleave pro-angiogenic factors from the ECM in breast cancer [29]. Part of the mechanism by
which Cathepsin L and D initiate tumor angiogenesis is thought to be through regulation
of pericyte recruitment and function within the TME [30]. The increased production of
pro-angiogenic factors facilitates the “angiogenic switch”, which transitions the tumor to a
pro-angiogenic and pro-tumorigenic state [23]. CAFs also contribute to tumor angiogenesis
through the production of MMPs, which stimulate the degradation of the vascular base-
ment membrane, leading to endothelial cell proliferation and migration [15]. As MMPs
degrade the ECM, they result in the release of sequestered angiogenic factors such as VEGF
from the ECM, increasing bioavailability and stimulating new capillary formation within
the tumor [31]. The simultaneous HIF-1-induced VEGF upregulation and increased levels
of MMP-9 result in high concentrations of soluble VEGF, driving angiogenesis and metas-
tasis [32]. While the pro-angiogenic stimulus is designed to increase tumor microvessel
density, this pro-angiogenic stimulus is so aggressive that the result is the rapid and chaotic
formation of blood vessels, resulting in malformed and heavily fenestrated, leaky vascula-
ture. These poorly formed vessels paradoxically result in poor tumor perfusion and areas
of tumor hypoxia, while the excessive vessel fenestration facilitates tumor cell intravasation
and metastatic spread through the vascular system [33,34]. Increased intra-endothelial
cell spaces result in elevated permeability and increased IFP [35]. Reduced perfusion and
elevated tumor IFP create significant barriers to therapy uptake. Abnormal angiogenesis
in tumors also creates an immunosuppressive environment, limiting tumor-infiltrating
lymphocyte (TIL) infiltration and promoting the prevalence of pro-tumor lymphocytes [36].

Tumor Metabolism

OC cells have accelerated rates of proliferation and are very metabolically active,
which can lead to an acidic TME [37]. Cancer cells, even in the presence of oxygen, preferen-
tially metabolize glucose through anaerobic glycolysis in a process known as the Warburg
effect [38]. This switch from aerobic to anaerobic metabolism gives cancer cells a survival
advantage in a hypoxic environment, protecting against hypoxia-induced apoptosis and
oxidative damage [38]. In addition to aerobic glycolysis facilitating tumorigenesis, drug re-
sistance, and metastasis, the quantities of the produced lactic acid also acidify the TME [39].
An acidic TME has been shown to contribute to aggressive tumorigenesis, invasiveness,
and therapy resistance in many types of cancer [39,40].

4. Stromal Compartment

The stroma has important roles in modifying the environment of the ovaries to support
malignant cells and create a permissive TME. The stroma consists of non-malignant cells
and connective tissue surrounding cancerous cells. The cells of the stroma include CAFs,
mesenchymal cells, immune cells, endothelial cells, and pericytes, as well as the ECM [41].
An important cell type within the stroma is recruited macrophages, which are the main
population of immune cells within the stroma [42]. These macrophages differentiate into
two different classes, namely the M1 phenotype, which is the less tumorigenic form, and the
M2 phenotype, which is associated with tumor progression [43]. These M2 macrophages
are referred to as TAMs when they show pro-tumor functions such as increased cell prolif-
eration, survival, and metastasis [43]. TAMs pose a direct challenge to therapy through the
secretion of chemoprotective molecules such as cathepsin b, in addition to enhancing the
angiogenic capability of the tumor [44]. TAMs communicate with other non-cancerous cells
to coordinate the formation of the TME, and fibroblasts are a prominent cell type involved
in this crosstalk. Fibroblasts are spindle-shaped cells found in connective tissues and are
broadly categorized by their response to tissue injury and contributions to tissue homeosta-
sis [45]. As part of the response to injury, fibroblasts secrete many different chemical signals,
such as chemokines for pericyte and endothelial cell recruitment during angiogenesis [41].
For normal tissue homeostasis, fibroblasts produce and deposit various types of collagen
and other connective tissues in the ECM, as well as matrix proteins such as MMPs [41].
Fibroblasts express certain growth factors, such as epidermal growth factor and hepatocyte
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growth factor (HGF), which are common initiators of cell proliferation of epithelial cancer
cells [46]. The function of HGF is further corrupted by the tumor to regulate metabolism,
creating an acidic environment [47]. Within the cortical region of the ovaries, there is an
abundance of connective tissues, myofibroblasts (an activated phenotype of fibroblast),
and fibroblasts [48]. Once a tumor develops, the local ovarian fibroblasts become the
main source of CAFs in the primary tumor [49]. Interestingly, local ovarian fibroblasts are
not found within the secondary metastasis, which suggests a different source for CAFs
in secondary tumors [49]. The most prevalent population of CAFs is myCAFs, which
include traditional myofibroblasts and have specific roles in the contraction and stiffening
of tissues through the expression of alpha smooth muscle actin [50]. Another important
phenotype is iCAFs, which are inflammatory CAFs that express key mediators of inflam-
mation such as Ly6C [51], similar to inflammatory macrophages [50]. CAFs also secrete CC
chemokine ligand 2 (CCL2), which binds to the CCR2 receptor on macrophages, recruiting
macrophages into the stromal compartment [52]. Stromal-derived factor-1 (SDF-1) secreted
by CAFs promotes the M2 differentiation of macrophages, resulting in the formation of
TAMs [52]. This initiates a positive feedback loop where TAMs enhance the mesenchymal-
to-epithelial transition (MET) of fibroblasts and stimulate their activation into reactive
CAFs [53]. Another challenge posed by CAFs is their contributions to immune evasion
and the generation of an immunosuppressive environment within the stroma of solid
tumors. The immunosuppressive environment is enhanced by CAFs through recruitment,
activation, enhanced survival, and differentiation of CD4+CD25+FOXP3+Tregs, which
inhibit an immune response [54]. Similarly, many other myeloid cells are recruited, and
their functional differentiation into tumor-promoting/immunosuppressive phenotypes
is regulated by CAF action [54]. Mechanically, CAFs modify the stroma through aber-
rant ECM remodeling to promote tumor progression and inhibit immune cell infiltration.
SDF-1, secreted by CAFs, increases MMP production, which facilitates tumor invasion by
degrading surrounding tissues [47].

5. Immune Environment in Ovarian Tumors
Immune Cells in the TME

The complex interplay of abnormal angiogenesis, hypoxia, and acidity within the
TME is associated with the recruitment of immunosuppressive cell populations (Figure 2).
Tumor cells release danger-associated molecular pattern molecules that enable the recruit-
ment of immune cells into the TME [55]. Innate immune cells, such as natural killer cells,
macrophages, and dendritic cells, as well as tumor-infiltrating lymphocytes (TILs), such as
CD8+ and CD4+ cells and B lymphocytes, are recruited to eliminate cancer cells [55]. Typi-
cally, CD3+, CD4+, and CD8+ TILs are associated with a favourable clinical outcome [56].
In a study analyzing 186 tumors from advanced-stage OC patients, patients with CD3+
TILs had a five-year survival rate of 38%, in contrast to 4.5% for patients without detectable
TILs [56]. Cancer cells can avoid immune destruction through immunoediting and sur-
vive in equilibrium with effector T cells while in a pro-inflammatory environment [14].
Although the mechanisms behind immunoediting have not been fully elucidated, changes
in the immunogenicity of the tumor are accompanied by the loss of Ag expression and
MHC molecules [57]. These tumors trigger an immunosuppressive environment through
the recruitment of MDSCs, TAMS, and Tregs [14].

Lymphatic vessels are also important in the regulation of tumor immunity. In addition
to important interstitial fluid drainage, lymphatic vessels provide an essential conduit for
immune cells and other factors to migrate to the tumor-draining lymph node (TDLN) [58].
The TDLN is an essential site for tumor antigen exposure [59] and facilitates mobilization
of peripheral immunity by activating the adaptive immune response and educating T cells
of tumor antigens [59].

However, due to the delicate structure of lymphatic vessels, the elevated IFP within the
tumor often collapses these structures, impairing fluid drainage and migration of activated
immune cells to the TDLN [60].
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Figure 2. The TME is complex, with tumor and lymphatic vessels, a dense ECM, and highly expressed
cytokines. Recruitment of cells such as CAFs, TAMs, MDSCs, and Tregs creates an immunosuppres-
sive environment.

OC tumors are often classified as being “immunologically cold’, with low numbers of
anti-cancer immune cells and disproportionately high numbers of immune-inhibitory cells.
This ‘cold” environment is partly characterized by limited CD8+ T lymphocyte activation
and subsequent infiltration into ovarian tumors [61,62]. Many OC tumors have a low tumor
mutational burden (TMB) [63], and as these mutations act as targets for antigen-presenting
cells (APC), there can be a muted anti-tumor immune response. With dysregulated tumor
vasculature and a decreased number of functional tumor lymphatic vessels, the migration
of activated cytotoxic lymphocytes to the tumor and APCs to the TLDN is impaired, further
contributing to the overall immunosuppression seen in ovarian tumors [64].

The widespread hypoxia within the ovarian TME, in addition to initiating the release
of pro-angiogenic factors, is also associated with the recruitment of Tregs, which generally
function to suppress lymphocyte recruitment [65]; decrease the maturation of APCs, which
are critical for T-lymphocyte activation [65]; and function to promote TAMs [65,66]. A 2021
study analyzing the gene expression profiles of 748 OC patients found that immature den-
dritic and Tregs were significantly upregulated in tumors with high degrees of hypoxia [67].
HIF-1 directly upregulates programmed cell death-ligand 1 (PD-L1) expression on T cells
by binding to HRE in the PD-L1 promoter [68,69]. Higher levels of PD-L1 are associated
with accelerated tumorigenesis and poor prognosis [70,71]. Numerous studies in various
types of solid tumors have shown that elevated HIF-1 expression contributes to elevated
PD-L1 expression in both tumor cells and APCs [69,72,73].

Hypoxia also triggers the release of chemokines that recruit immunosuppressive cell
populations, including TAMs, MDSCs, and Tregs, dampening the immune response [14].
A study looking at hypoxia and immune tolerance found that hypoxia influences the
expression of chemokine ligands such as CCL28, leading to the recruitment of Tregs and
triggering angiogenesis [74]. Additionally, TAMs produce CCL22-recruiting Tregs, which
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subsequently induces the expression of B7-H4 on APCs, inhibiting cytolytic activity and
T-cell proliferation [75,76]. MDSCs and OC cells also produce metabolic enzyme IDO,
which breaks down tryptophan, rendering T cells inactive [14].

Tregs further contribute to immunosuppression by expressing the regulatory transcrip-
tion factor forkhead box protein P3 (FOXP3) and function to suppress an immune response
by inducing apoptosis [77] and inhibiting proliferation [78] of CD8+ cytotoxic lymphocytes.
One of the prominent mechanisms by which Tregs control this is through the upregulation
of immune checkpoints such as PD-L1 and cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) [78], which causes T-cell exhaustion and tolerance, further limiting an adequate
response. In response to endogenous anti-tumor activity, tumor cells overexpress PD-L1(21).
PD-L1 binds to PD-1 on activated T cells, inhibiting cytotoxic T cells, which remain deacti-
vated in the TME [79]. Similarly, CTLA-4 is constitutively expressed on Tregs and binds to
CD80/86 on APCs, sending an inhibitory signal causing T-cell inactivation [79]. Zeng et al.
(2019) found that suppressing Tregs and blocking the partnering of PD-L1 and PD-1 led to
a significant increase in CD8+ cytotoxic T lymphocytes, promoted the conversion of Tregs
to T-helper cells, and resulted in a rise in the ratio of M1 TAMs to M2 TAMs in a murine
OC model [80].

Galectin-1 is a member of a family of glycan-binding proteins and is implicated
in many aspects of tumorigenesis, including in regulating cell proliferation, adhesion,
angiogenesis, and apoptosis and in regulating the TME immune environment [81,82].
Galectin-1 contributes to the immunosuppressive environment, in part, by increasing
the number and activity of Tregs in tumors [83] and by skewing CD4+ T cells to the M2
phenotype [84].

TAMs have also been linked to chemoresistance, tumor metastasis, and poor progno-
sis [85]. TAMs express elevated levels of inflammatory and inhibitory cytokines such as
IL-10 and TGF-$ and induce tumor angiogenesis by producing growth factors, including
VEGF and PDGEF [85]. Phenotypically, TAMs adhere to an M1/M2 paradigm where a pro-
inflammatory state characterizes M1 macrophages, while M2 macrophages are classified as
pro-tumoral and anti-inflammatory [86]. M2 macrophages are typically induced by TGF-f3
and IL-4/13, secreting anti-inflammatory cytokines that recruit Tregs, further perpetuating
an immunosuppressive environment [86]. Ovarian tumors predominantly exhibit a pro-
tumor M2 phenotype [85]. Specifically, a study analyzing OC stem-like cells demonstrated
that increased COX-2, CCL2, and PGE-2 augmented a shift toward M2 macrophages in the
tumor [87]. Opposingly, M1 macrophages mount an anti-tumor response and are associated
with favorable outcomes. As such, a high M1/M2 ratio is associated with the improved
survival of OC patients [88]. A retrospective study of stage III-IV OC patients analyzed
CD68 and CD163 as M1 and M2 macrophage markers [89]. There was a significant differ-
ence in overall survival and progression-free survival in the low-CD163 (M2) group [89].
Additionally, a meta-analysis of 794 OC patients across nine studies demonstrated that
a tumor’s high M1/M2 ratio predicted an improved prognosis [90]. Ultimately, ongoing
research goals include reducing the prevalence of M2 macrophages and increasing M1
counterparts in the TME.

6. Barriers in the TME That Inhibit Therapeutic Success

In addition to the use of cytotoxic chemotherapy that persists today, there has been
a host of targeted therapies and small-molecule inhibitors developed for the treatment
of ovarian cancer (Table 1). The success of these therapies has been variable, often due
to resistance mechanisms developed within the tumor. There are several components of
the TME that work independently or cooperatively to inhibit the success of a variety of
different therapies [91,92] (Figure 3). The TME is involved in the tumor immunosuppressive
environment through the activation of a chronic inflammatory state whereby various
cytokines, chemokines, and inflammatory mediators suppress the function of both the
innate and adaptive immune response [92]. Protective immune cells that are recruited
in response to chronic inflammation, such as T helper -2 (Th-2), tend to enhance the
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function of pro-tumor adaptive pathways such as ICIs PD-1/PD-L1 and CTLA-4 [93]. This
inflammatory process acts in a paracrine mechanism to dispatch additional tumorigenic
processes such as the recruitment of MSCs, which are multifunctional in impeding many
immune cell interactions [94].
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Figure 3. Numerous features of the TME inhibit therapeutic efficacy. Tumors exhibit poorly formed,
dysfunctional vasculature, which impedes perfusion and increases IFP, compressing tumor lymphatic
vessels. This inhibited perfusion leads to tumor hypoxia and the development of an acidic environ-
ment. CAFs and MDSCs secrete immunosuppressive cytokines such as CCL2, which recruit TAMs
and impede the efficacy of immunotherapies such as ICIs.

Table 1. Targeted therapies and small-molecule inhibitors in ovarian cancer.

Inhibitor Target Effect Reference
miR-204-5p-inh miR-204-5p Inhibits angiogenesis and ovarian tumor growth [95]
TW-37 Bal-2 Apoptosis of ovarian C.ancer. cells; resensitization [96]
to cisplatin
SC144 Glycoprotein 130 (gp130) Delays ovarian tumor progression [97]
PACMA 31 Protein Disulfide Isomerase (PDI) Reduces survival and proliferation of ovarian cancer cells; 98]
delays tumor growth
TAK?242 Toll-like receptor (TLR) 4 Su}.)presa.on of ovarian cancer cell 1nﬂamma.t1on; [99]
induction of cell cycle arrest and apoptosis
Bevacizumab VEGE Has shown chmca.I efflcaC}'I, pa.rtlcularly when used [100]
in combination
Cetuximab EGFR Reduces cell proliferation and inhibits cell cycle [101]
Pertuzumab HER?2 Targetg HERZ dimerization domam—'mhﬂ':)lts HER [101]
signaling and reduces cell proliferation
Sorafenib Multi-receptor tyrosine kinases Cytotoxic to tumor cells; anti-angiogenic [102]
.. Can reduce ovarian cancer progression in
Erlotinib EGFR EGFR-positive tumors [103]
Synthetic lethality in ovarian tumors; enhanced efficacy in
Olaparib PARP patients with BRCA mutations or homologous [104]

recombination-deficient tumors
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Table 1. Cont.
Inhibitor Target Effect Reference
. . Synthetic lethality; efficacy appears not to be reliant on
Niraparib PARP BRCA status [105]
Pembrolizumab PD-1 Reduces tumor immunosuppression; reduced tumor [106]
progression in clinical trials
Ipilimumab CTLA-4 Enhances expansion of tumqr—mfﬂtratmg lymphocytes in [107]
the ovarian TME

Durvalumab PD-L1 Reduces immunosuppression in the ovarian TME [108]

The diversity of mechanisms deployed by tumors to evade immune cell anti-tumor
pathways suggests the need for combination therapy with treatments that have comple-
mentary or synergistic properties [109]. Such combinations include immunotherapy with
chemotherapy, the use of anti-angiogenic factors with chemotherapy, and other targeted
molecular therapies [110]. Due to the vastness of the array of immunotherapy approaches
and the variability of responses between individuals, it has been difficult determine the
most effective immunotherapeutic approach for different cancer patients [111]. In OC, the
use of ICIs as single agents only has resulted in a response rate between 6 and 15% [112].
Their combined use (anti-PD-1 and anti-CTLA-4) has been reported to result in increased
adverse effects and a lack of durable responses in OC patients under both monotherapy
and dual immunotherapy. Due to the immunogenic landscape of the TME, the idea sur-
rounding the clinical combination of immunotherapies with cytotoxic chemotherapy has
been suggested to provide better survival outcomes [113].

Treatment success can also be determined by specific mutations that give somatic cells
fitness advantages in their microenvironment [114]. This is referred to as the TMB, where
somatic cell mutations can express antigens that are recognized by the immune system.
It has been proposed that solid tumors with a higher TMB are more likely to respond to
immunotherapies due to their immunogenicity [115]. Unfortunately, OC has a low-TMB
phenotype of roughly 5.3 mutations/Mb, making response prediction and estimates of the
likelihood of resistance more challenging [116].

While showing some promise, current therapies have been challenged by the im-
pediments inherent in the TME. However, there are approaches to combat aspects of the
TME that inhibit therapeutic efficacy. Reconfiguration of the TME could be an important
component of enhancing the efficacy of combination therapies [117].

Immunotherapies have the opportunity to kill tumor cells with enhanced specificity,
without the need for systemic cytotoxic drugs. Various immunotherapies, such as IClIs,
chimeric antigen receptor T-lymphocyte therapy (CAR-T), vaccine-based therapies, and on-
colytic viruses, have already shown promise in clinical studies and are currently approved
for use in melanoma, lymphomas, leukemia, lung cancer, and many more diseases, with
12 FDA-approved drugs as of 2023 [118,119]. However, for OC, results have been under-
whelming, and there are currently few immunotherapy options for OC patients [117]. How-
ever, a number of clinical trials are ongoing, evaluating the impact of novel immunotherapy
approaches, either alone or in combination with other therapies [112,116].

ICIs function to block a tumor’s immunosuppressive defense by impairing the activa-
tion of immune checkpoints and limiting the opportunity for immunosurveillance [120].
Commonly studied ICIs include PD-L1 and CTLA-4, along with others, including lympho-
cyte activation gene-3 and T-cell immunoglobulin and mucin-domain-containing-3 [121]. A
phase 2 proof-of-concept clinical study looking at the combination of durvalumab (anti-PD-
L1) and olaparib (PARP inhibitor) found that the combination offered greater induction of
immunostimulatory cytokines [122]. This study also found that platinum-chemotherapy-
resistant patients benefitted from combination ICI and PARP inhibition therapy [122].
CAR-T immunotherapy involves the isolation of T cells and the addition of a cancer anti-
gen to increase the “visibility” of cancer cells and achieve a more complete and specific
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anti-cancer effect. However, selection of the optimal cancer antigen can be difficult and can
be highly individualized. In a murine model of OC treated with mesothelin-specific CAR-T
cells, Schoutrop et al. (2021) found that these engineered cells were able to significantly in-
crease survival and resulted in better long-term remission, depending on the costimulatory
domain used in CAR-T cell development [123]. As with other therapies, CAR-T therapy
is hindered by limited access to the tumor [124]. However, vascular normalization can
enhance the uptake of CAR-T cells and improve distribution throughout the TME [125].
CAR-T cells are still susceptible to the immunosuppressive TME, as the high numbers of
MDSCs and TAMs release immunosuppressive cytokines such as TGFB and IL-10, which
suppress their activity [126]. Armored CAR-T cells modified to secrete pro-inflammatory
IL-12 [127], 11-15 [128], or IL-21 [129] cytokines have shown enhanced immune activation
and greater anti-tumor efficacy. As CAR-Ts are generally hyperactive and difficult to
control, there can be a significant cytokine release in response to their infiltration. This
rapid cytokine release can result in significant side effects, such as fever, arthralgia, shock,
multi-organ failure, and possibly death [130]. In OC, CAR-T therapy has not yet been stud-
ied extensively in clinical trials. However, a trial with second-cohort dosing is underway
with follicle-stimulating hormone receptor (FSHR T)-mediated T cells (NCT05316129) in
patients with recurrent/resistant OC that has progressed under the previous two therapies.
Another active trial (NCT04670068) is underway to evaluate the efficacy of CAR-T cells
with the B7-H3 antigen (CAR.B7-H3 T cells) in recurrent OC. Although these trials are in
early stages, there is hope that efficacy will be achieved in recurrent OC, which is notorious
for being extremely difficult to treat.

Another anti-cancer immunotherapy involves the development of cancer vaccines.
There is a variety of cancer vaccine strategies, including dendritic cell (DC) vaccines, in
which a patient’s DCs are primed with a cancer antigen so that when the DCs migrate
to the TDLN, the antigen is presented to T cells, resulting in the activation of peripheral
immunity against cancer cells expressing the antigen [131]. A number of clinical trials using
cancer vaccines in OC are underway, but no vaccine has been approved for the treatment
of OC patients yet [131]. A stage 1, single-arm pilot study testing an IL-17-producing
T-cell (Th17) DC vaccine in 19 late-stage OC patients found that the vaccine caused no
adverse side effects or toxicity; a proportion of 89% of patients showed significantly higher
interferon T-cell responses, and the vaccine was suggested to increase progression-free
survival [132]. Interestingly for OC patients with immunologically ‘cold” tumors, a ran-
domized retrospective phase 2 trial testing debulking surgery with chemotherapy alone or
in conjunction with a DC vaccine found that while ‘hot” tumors benefit from chemotherapy
but experience no benefit when combined with DC vaccines, patients with ‘cold” tumors
experienced a significant increase in survival outcomes when the DC vaccine was used
with chemotherapy [61].

Yet another therapeutic approach to the treatment of OC is the use of oncolytic viruses
(OVs). OVs ultimately function to induce the oncolysis of tumor cells, induce an anti-tumor
immune response, and cause vascular shutdown in tumors without adversely affecting
healthy cells [133]. Between 2013 and 2022, 289 clinical trials have been undertaken, specifi-
cally testing the use of various oncolytic viruses on different cancers, often in conjunction
with other immunotherapies [134]. In an open-label phase 1 trial using a modified vaccinia
virus, some patients experienced a reduction in measurements of tumor size, increased
CD8+ T cell infiltration, and an increase in progression-free survival [135]. However,
the vascular shutdown induced by OVs can lead to further increases in tumor hypoxia,
leading to elevated expression of pro-angiogenic factors such as VEGF and aggressive
tumor regrowth [136,137]. OV-induced oncolysis stimulates intratumoral immunity and
recruitment of immune cells to migrate to the tumor [138,139]. However, by inducing
vascular shutdown, OVs may decrease the uptake of the immune cells recruited to the
tumor, inhibiting their anti-tumor efficacy [136]. In a murine model of OC, it was found
that the combination of Newcastle disease virus with a molecule that stimulates vascular
normalization resulted in enhanced tumor perfusion, reduced tumor size, a decreased
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number of metastatic tumors, and increased immune cell migration to the tumor [140]. It
appears that remodeling the TME to improve perfusion may be a mechanism to increase
OV efficacy.

While immunotherapies show significant potential, the most effective approaches and
optimal combination therapies still need to be determined. Immune activation can also have
undesirable effects if not managed properly [141]. In a double-blind, phase 3 trial including
945 patients with late-stage melanoma testing the combination of nivolumab (anti-PD-L1
ICI) and ipilimumab (anti CTLA-4 ICI), 55% of patients experienced severe treatment-
related side effects [142] compared to 16.3% and 27.3% of patients prescribed nivolumab
and ipilimumab alone, respectively [142]. Synergistic effects of immunotherapies, especially
ICIs, are not completely understood, and more work needs to be done to avoid any cytokine-
or immune-related toxicities that could occur [141].

Aside from immunotherapies, there are targeted therapies in OC that target specific
growth factors, receptors, signal transduction pathways, DNA repair mechanisms, and
angiogenesis [143]. In OC, Poly-Adenosine Diphosphate Ribose Polymerase inhibitors
(PARPis) have been introduced in clinics to preferentially kill cancer cells that have a
BRCA mutation. In BRCA-mutated cells, the ability to perform base excision repair is
lost. However, single-stranded breaks in these mutated cells can be repaired by DNA
repair molecules such as PARP [144]. PARPi therapy acts by inhibiting ribozyme PARP-1,
which senses single-strand DNA breaks (SSBs) in mutated cells. PARP binds to the SSBs
and releases an ADP-ribose, subsequently recruiting additional DNA repair factors to
the site [145]. An SSB left unrepaired can be converted into a double-strand DNA break
(DSB), which is lethal for a cell if repaired improperly or left unrepaired [146]. The additive
effect of PARP], along with platinum-based chemotherapy, is being investigated in ongoing
clinical trials to determine the optimal use of PARPis [147]. Full approval for the clinical
use of PARPis was supported by phase II and III clinical studies involving the use of
PARPi olaparib, niraparib, or rucaparib [148]. Pujade-Laurane et al. (2017) performed
a phase III double-blind trial examining the survival outcomes of relapsed OC patients
who had received at least two rounds of platinum chemotherapy. Of the 195 patients who
received olaparib, the median progression-free survival was 19.1 months compared to the
placebo median of 5.5 months [149]. A similar phase III study performed by Coleman
et al. (2017) found that patients with BRCA-mutant OC had progression-free survival
of 16.6 months with the PARP inhibitor compared to 5.4 months with the placebo. It
is evident that those with the BRCA mutation may benefit the most from PARPi, and
there is promise that administering PARPi therapy in these patients can have significant
clinical benefit [150]. Interestingly, PARPis also have significant effects on the TME. PARPis
inhibit HIF expression, which facilitates repolarization of M2 macrophages to an M1
phenotype [151]. By inhibiting HIF expression, PARPis also stimulate DC activity and
promote B-cell maturation and B-cell memory formation [152,153]. PARPis also decrease
the immunosuppression typically seen in solid-tumor TMEs by stimulating CD8+ T cells,
increasing IFN expression, and suppressing the activity of Tregs [154].

7. Remodeling the TME to Enhance Therapeutic Efficacy

It was originally hypothesized that blocking the formation of new blood vessels to
essentially “starve” the tumor of oxygen and nutrients would help keep tumors in a dor-
mant state [155]. Anti-angiogenic strategies have included monoclonal antibodies (mAbs),
ligand inhibitors, and tyrosine kinase inhibitors (TKIs), often targeting VEGF [156]. The
first anti-angiogenic drug to be approved by the FDA was anti-VEGF mAb bevacizumab
(Avastin), which disrupts VEGF signaling to reduce angiogenesis. Its use was approved
in 2013 in combination with standard treatments of chemotherapy (carboplatin or pacli-
taxel) [157]. A number of clinical trials have been conducted on the use of bevacizumab in
OC, including a randomized trial of 1873 women with epithelial ovarian, fallopian tube, or
primary peritoneal stage III or IV cancer. Progression-free survival (PFS) was 14.1 months,
compared to 10.3 months for standard treatment alone [91]. In another phase III clinical trial
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administering the same dosing schedules, PFS was 19.8 months, compared to 17.4 months
for standard treatment [158]. Anti-angiogenic approaches have failed to have the signif-
icant anti-tumor effects that were hoped for when they were first developed, and side
effects have been problematic. Targeting the VEGF pathway has had deleterious effects
of non-specificity and vascularly mediated disorders such as thrombosis and impaired
endothelial cell regeneration, resulting in an increased risk of hemorrhage [159].

It is understood that the process of angiogenesis causes barriers to treatment efficacy
not only due to immune responses to hypoxia but also the faulty delivery systems of
therapeutic drugs and activated immune cells [160]. In contrast, targeting the vasculature
through normalization has opened a new strategy for targeted cancer therapies to improve
perfusion into the tumor [161]. Clinical trials are underway for developed anti-angiogenic
drugs that target tumor vessels by remodeling the vasculature to a healthier morphology.
So far, monoclonal antibodies such as vanucizumab with dual-modality mechanisms that
target the function of VEGF and angiopentin-2 to modulate the formation of abnormal
vessels have been explored [162]. After a phase I trial, Hidalgo et al. (2018) suggested
the use of vessel-normalizing therapies in combination with standard chemotherapy and
immunotherapies for optimal therapeutic benefits [163]. This idea of combined therapy
has brought considerable interest to cancer researchers and patients to not only target the
disease more efficiently but also overcome the toxic side effects of standard therapies [164].
Standard chemotherapy in OC is often administered at maximum tolerated doses (MTDs),
where patients experience severe negative side effects and co-morbidities and must recover
during a drug-free interval [165]. The drug-free interval allows time for cancer cells to
develop resistance mechanisms against the chemotherapy’s anti-tumoral actions [166]. Lim-
ited perfusion to the tumor is why patients must undergo chemotherapy at the MTD [167].
The mechanism behind this combined therapy suggests that normalizing the vasculature
can improve therapeutic uptake and success in OC patients [168].

8. Conclusions and Future Directions

The ovarian TME is complex, with numerous features that create therapeutic chal-
lenges. As a result of dysfunctional vasculature, high IFP, and widespread immunosuppres-
sion, therapeutic efficacy has been limited. It is understood that the immunosuppressive
environment seen in the ovarian TME is due to the dysfunction of the tumor vascula-
ture and resultant tissue hypoxia and elevated tumor IFP. Historically, there has been a
monotherapeutic approach to treating OC, often using either chemotherapy or immunother-
apy. Going forward, the use of combination therapy to combat several characteristics of
the TME will be needed. Up-front remodeling of the TME, such as through the use of
vascular normalization, can make the tumor more tolerant of therapies and could make
tumor cells more responsive to other secondary therapies. With this approach, we must not
only be concerned about what drugs are used in combination but also about the timing
of administration of these compounds. With further understanding of the ovarian TME,
there are approaches being developed to remodel the microenvironment to enhance the
uptake and efficacy of therapies such as cytotoxic chemotherapy, oncolytic viruses, and im-
munotherapies. The development of novel therapies, in conjunction with TME remodeling,
can result in impactful approaches for this disease for which improvements in therapeutic
response have not occurred for decades.
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