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Abstract

After more than 30 years of iterations of surgical debulking plus chemotherapy, the need for
complementary ovarian cancer treatments has become clear. In the ovarian cancer
microenvironment, myeloid immunosuppressive leukocytes, lymphocytes, fibroblasts and
endothelial cells, as well as their secreted products, surface molecules and paracrine survival
factors, all provide opportunities for novel interventions. The potential of targeting
microenvironmental elements in ovarian cancer patients is underscored by recently successful
anti-angiogenic therapies. The compartmentalized nature of ovarian cancer, its immunogenicity
and its accessibility make it an ideal disease for targeting non-tumor host cells. This review
discusses the ‘state-of-the-art’ of the field, with an emphasis on the potential of modulating the
activity of abundant microenvironmental immune cells, which govern both angiogenesis and
immunosuppression.
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Ovarian cancer is the fifth most common cancer among women. With over 120,000 women
worldwide dying each year from the disease, it has the highest fatality-to-incidence ratio of
all gynecologic cancers [1]. In the United States, ovarian cancer causes even more deaths
than any other type of female reproductive cancer, melanoma or brain tumors [2]. The major
clinical challenge for this disease is that patients are typically presented with symptoms only
after the cancer has metastasized, leading most diagnosis to take place at advanced stages

3].

Based on converging genomic and clinical information, the divergent hypothesis emerging
now in the field is that only a small fraction of ovarian cancers (designated type 1) persist as
stable masses for extended periods [4]. In contrast, the type of ovarian carcinomas that are
responsible for 90% of deaths (designated type I1) [5] could evolve aggressively without an
identifiable localized precursor macroscopic mass [4]. Additionally, the lack of effective
treatments demands urgent alternative interventions against advanced tumors.
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Treatments have evolved very little, and are still primarily restricted to surgical debulking
plus cyclic iterations (i.e., IV vs. IP) of untargeted chemotherapies, focused on the tumor
cell cycle. Only very recently, complementary interventions targeting elements of the tumor
microenvironment (TME) have started undergoing clinical testing. Currently, the only drug
in clinical use that targets the TME is bevacizumab, which blocks vascular endothelial
growth factor to inhibit angiogenesis [6]. Last December, results from two positive phase 111
trials illustrated for the first time the potential of targeting the TME through this drug [7,8].
Thus to increase the number of targets within the TME, a rigorous understanding of the
ovarian cancer microenvironment is necessary and will open both new avenues for effective
therapies.

This review will emphasize the areas that the authors consider to be the most promising
targets for the design of new clinical interventions in the near future, which also represent
the most critical aspects that are currently moving the field forward; namely, the
immunobiology of ovarian tumors and their vascularization, which utilize closely related
mechanisms. A detailed overview of all recent papers in the broad area of the ovarian cancer
microenvironment is beyond the scope of this review. We acknowledge that the view of
other authors could be different, and also that new developments in the field could change
this focus.

The ovarian cancer microenvironment

Ovarian cancer is a peculiar disease in that multiple cellular types and molecules become
accessible to both primary and metastatic masses typically as they disseminate throughout
the peritoneal cavity. For tumor cells, ascites provides an ideal milieu for them to detach and
seed distally. Furthermore, crucial microenvironmental differences that define metastatic
spreading in other tumors are not necessarily found in ovarian carcinoma. For instance, we
found identical leukocyte infiltrates in matching solid metastatic and primary tumors in
virtually every patient analyzed, as well as comparable extracellular structures and cell types
[9-11]. In contrast, metastatic masses in most cancers are very different from the primary
tumor. However, the inflammatory component of matching ascites and dissociated solid
tumors is typically very different in patient samples. Ascites contains a predominant
population of canonical CD45*CD14*CD11b* macrophages, as well as CD31"CD45 FAP~
tumor and CD31*CD45~ endothelial cells. It also includes an abundant mix of T cells,
including Th1, Treg, CD8" and, to a lesser extent, Th17 lymphocytes. However, unlike other
tumors [12], very little Th2 cells are found in the ovarian cancer microenvironment. The
same cell types are also represented in corresponding solid tumors, but FAP* fibroblasts are
obviously much more abundant, and the inflammatory microenvironment is much more
complex. Thus, solid tumors mobilize a heterogeneous population of myeloid cells different
from classical macrophages [13]. Over the last years, we have demonstrated that the most
abundant leukocyte subset in solid tumors expresses determinants of bona fide DCs,
including CD11c, DEC205, CD86 and relatively high levels of MHC-I1[9,10,14-18]. In at
least a third of specimens, these cells lack the expression of the macrophage marker CD11b.
In other patients, conclusive categorization is more complicated by phenotypic overlap with
macrophages and myeloid-derived suppressor cells (MDSCs) [19]. However, irrespective of
nomenclature, these cells respond to immunostimulatory signals by up-regulating co-
stimulatory molecules and, at least in mouse models, by up-taking, processing and
presenting antigens [10,11,16]. Most importantly, these leukocytes are crucial for both the
generation and the maintenance of tumor vasculature in ovarian tumors [9]. In addition, they
secrete growth factors and proteases that promote tumor growth. As we will discuss later,
they are also critical promoters of immunosuppression [9-11,16,17,20-25].
Correspondingly, their depletion in preclinical models delays tumor progression and boosts
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anti-tumor immunity [9], underscoring the potential of targeting this major
microenvironmental compartment.

Accumulating evidence suggests that chronic inflammation in ovarian cancer plays a role in
the development of the disease [26—-28]. Ovulation induces insult to the ovarian surface,
which triggers an influx of leukocytes to facilitate repair. Over time, the process of
continuous damage and repair of the epithelial cells (‘the incessant ovulation hypothesis’)
increases the chances of genetic error [29]. The initial inflammatory trigger, in addition to
other environmental and genetic cues, is thought to create the foundation for chronic
inflammation in ovarian cancer. This has been demonstrated in ovarian epithelial cells,
where induced inflammation controlled the production of keratinocyte chemoattractant (KC/
IL-8) and growth regulated oncogene (GRO1/2) with a slightly lower induction of CCL20,
IP-10 and CCL7, which were collectively involved in the recruitment of inflammatory
neutrophils, lymphocytes and dendritic cells [26]. Furthermore, the expression of IL-6, TNF
and CXCR4 have been found in high-grade serous tumors, where play a crucial role in
promoting angiogenesis and the recruitment of myeloid infiltrates [30].

Exploiting spontaneous anti-tumor immunity in the TME as a therapeutic

goal

Not all microenvironmental leukocytes, however, promote tumor progression. Among all
non-tumor cells in the ovarian cancer microenvironment, T lymphocytes represent the only
element that spontaneously exerts confirmed clinically relevant, although obviously non-
curative, immune pressure against disease advancement [31-33]. Direct recognition of
specific tumor antigens by these cells has now been conclusively demonstrated by
independent groups, and their infiltration patterns clearly predict the patient’s outcome. For
instance, in multiple independent studies, the narrow set of long-term (>10y) survivors,
consistently shows significantly stronger T cell infiltrates in their tumor samples [31,34,35].
Whether their protective effect can be attributed to both CD4* and CD8* subsets [31,36], or
only to the latter [34,35], is debatable, because CD4* T cells include a subset of Treg that
clearly promotes immunosuppression and is associated with accelerated cancer progression
[37]. Nevertheless, it is clear that boosting T cell-mediated protective activity represents a
major opportunity for the design of novel therapeutic interventions against this devastating
disease. Dendritic cell-based vaccines, however, have shown limited clinical success, due to
the difficulty to overcome tumor-induced immunosuppression. Nevertheless, enhanced
immunogenicity was demonstrated in two independent studies upon vaccination with either
NY-ESO-1b or a heptavalent-keyhole limpet hemocyanin (KLH) construct [38] [39],
highlighting the potential for an ovarian cancer vaccine.

Currently, the most promising immunotherapy is based on engineering T cells to express
chimeric receptors targeting specific tumor surface markers. This approach has produced
impressive clinical results against other tumors. Among multiple candidates for targeting on
the surface of ovarian cancer cells, mesothelin appears to be a relatively safe goal, for which
clinical reagents are available [40-42]. Other obvious possibilities include Her2/neu and
MUC1, which are shared by other tumors. Recognizing the tremendous potential of this
approach, however, our view is that engineering chimeric T cells involves a high degree of
sophisticated expertise, patient-specific preparations and technological resources. It is
therefore unlikely to generate broad pharmaceutical interest. Consequently, it is likely that
these promising (although also complicated and expensive) procedures will be limited to
select institutions in the future. Based on previous T cell-based approaches, it is also
possible that adoptive transfer of chimeric T cells will work in some patients and not in
others.
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Immunosuppressive elements of the TME as novel therapeutic targets

In contrast to T cells, virtually any other leukocyte in the TME contributes to tumor growth
and, paradoxically, immunosuppression. The most abundant hematopoietic subset myeloid
leukocytes with attributes of dendritic cells (FIGURE 1) are particularly immunosuppressive
in solid tumors. From their perivascular location, these cells abrogate the activity of anti-
tumor T cells extravasating from blood vessels. Their suppressive activity involves multiple
complementary mechanisms that include the production of Arginase (FIGURE 1) and the
expression of various surface immunosuppressive ligands [9,10,16,21]. Therefore, any
vaccination or T cell-based strategy will likely require concurrent targeting of this abrasive
compartment for success.

The crucial role of myeloid leukocytes in ovarian cancer progression has been recently
illustrated by our studies in a preclinical model of sarcomatoid carcinoma in
immunocompetent and previously healthy hosts [11]. As in patients, we detected measurable
anti-tumor immunity, which was initiated by dendritic cells at very early stages. Notably,
these responses were able to put tumors in check for relatively prolonged periods. However
after this latency period, tumors started to grow very rapidly. We found that the key to this
switch in progression is a gradual phenotypic and numerical change in tumor-infiltrating
dendritic cells, whereby they are transformed from an immunostimulatory to an
immunosuppressive cell type. Correspondingly, depleting dendritic cells at early stages
accelerates tumor initiation, but at later stages prevents exponential growth, in the absence
of any direct targeting of tumor cells. Promotion of immunostimulatory dendritic cells at the
macroscopic stage may therefore improve patient outcomes. Our results hence support that
microenvironmental myeloid leukocytes drive both inhibition of tumor growth (first) and
aggressive malignant expansion (later). These data also support that the time ovarian tumors
take to progress from macroscopically detectable tumors to terminal disease is very short,
which may hinder the implementation of effective early diagnostic strategies. Of course the
applicability of this model to the human disease can be only assumed, but it is important to
emphasize that the inflammatory microenvironment of advanced tumors in our system
faithfully recapitulated the molecular and cellular components of leukocytes in human solid
tumors [11].

Although the effectiveness of this approach need to be tested in ovarian cancer patients, the
potential of targeting immunosuppression in cancer patients is best illustrated by the recent
success of antibodies blocking common checkpoints in T cells, such as CTLA4 and,
especially, PD-1 [43]. Regulatory myeloid leukocytes in ovarian cancer utilize both
mechanisms, and many tumor antigens have been identified in advanced ovarian tumor
cells. Tumor-associated myeloid leukocytes therefore emerge as promising direct or indirect
targets to unleash the spontaneous activity of anti-tumor T cells and induce the regression of
established tumors.

In situ re-programming tumor-associated leukocytes

Despite its grim prognosis, ovarian cancer offers significant advantages for the design of
interventions targeting the TME, and in particular tumor-associated leukocytes: Firstly, even
at a metastatic stage, ovarian cancer is most frequently restricted to the peritoneal cavity, so
that treatments do not need to be systemically administered. Secondly, its peritoneal nature
also makes ovarian tumors accessible, so that therapies can be directly administered where
the targets are. Thirdly, pro-angiogenic/immunosuppressive myeloid leukocytes are
extremely abundant and predominantly accumulate at the growing edge of tumor masses.
They also show enhanced endocytic activity [9,16], therefore they are ideal targets for
selective take-up of particulate nanomaterials delivered intraperitoneally. Taking advantage
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of these peculiarities, we have successfully depleted dendritic cells from ovarian cancer
locations, which results in significant therapeutic effects in the absence of any direct
targeting of tumor cells [9]. This could be clinically achieved using immunotoxins or
various nanoparticles that are spontaneously and rabidly engulfed by these cells /n vivo,
resulting in significant immunogenic effects [16,17].

Most importantly, as tumor-associated myeloid leukocytes spontaneously take up tumor
materials [10], promoting their capacity to present these antigens /n7 vivo [14] represents a
major opportunity for complementary interventions. We have demonstrated both the
feasibility and the potential of this strategy through multiple approaches in preclinical
models. For instance, we have shown that CD40 and Toll-Like Receptor (TLR) agonists
synergize to transforms tumor-associated dendritic cells from an immunosuppressive to an
immunostimulatory cell type when administered intraperitoneally. Because both agonists
have been tested in clinical trials against different tumors [44,45], and synergistic activity
has been demonstrated in various settings [46,47], combinatorial testing in ovarian cancer
patients is only a matter of industrial interest.

Alternatively, the enhanced endocytic activity of these phagocytes can be exploited to
selectively deliver, /n vivoand in situ, polyplexes in the nanometer range carrying functional
oligonucleotides [16,48]. Although excellent groups are trying to optimize the delivery of
functional siRNA to ovarian cancer cells [49], preventing phagocytic uptake /7 vivoin the
peritoneal cavity has been extremely challenging in our hands. In contrast, nanocomplexes
made of biocompatible polymers and stabilized double-stranded RNA, are avidly engulfed
by immunosuppressive phagocytes at tumor locations, without any targeting motif. These
nanocomplexes, besides silencing their targeted mRNAs, activate multiple TLRs, thus
promoting the immunostimulatory potential of otherwise tolerogenic myeloid leukocytes. In
addition, longer, Dicer-mediated cleavage-dependent oligonucleotides mimicking the
sequence and the structure of endogenous miRNAs can be used to recapitulate the broad
range of silencing activities of endogenous immunoactivating miRNAs [48].

Finally, the pathways driving the tolerization of initially immunocompetent dendritic cells in
the TME can be locally blocked with neutralizing antibodies or antagonists. Two signals that
appear to be critical for the phenotypic switch in leukocytes that drives aggressive malignant
expansion in ovarian cancer are TGFp and PGE2 [11], for which reagents (e.g., COX2
inhibitors) are available.

Targeting the cross-talk between immune and non-immune host cells in the

TME

Besides immune cells and angiogenic cytokines, the TME obviously provides many other
compartments for therapeutic interventions. Importantly, intervening on a particular element
may dramatically affect other microenvironmental events. For instance, overexpression of
endothelin-B in tumor endothelium has been reported to prevent T-cell adhesion and
subsequent homing to tumors [50]. Targeting tumor vasculature, therefore, could also have a
profound impact on anti-tumor immunity. Not mutually exclusive, targeting immune cells
that are crucial for neovascularization [14], could in turn abrogate angiogenesis, which is
intimately associated with immunosuppression [51].

Finally, another prime opportunity to interrupt synergistic interactions between different
cellular compartments in the TME is by targeting (as an individual or combinatorial
intervention), cancer-associated fibroblasts (CAFs). CAFs provide structural and secretory
support for tumor growth and dissemination (FIGURE 1), and therefore are targets on their
own right. However, recent evidence indicates that depletion of FAP* cells, primarily
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expressed by CAFs, results in immunological control of established non-ovarian tumors of
different histological origins [52]. Tumor regression appears to be mediated by TNF-a and
INF-y, which are primarily produced by immune cells. Therefore, CAFs also dampen anti-
tumor immunity by abrogating the activity of INF-y—producing immune cells (primarily
lymphocytes). The precise pathways whereby CAFs impair the protective activity of
microenvironmental T cells remain completely unknown, but are the subject of intense
investigation in various labs. Most importantly, FAP is a relatively specific surface marker
in CAFs, as normal fibroblasts only express marginal levels. Therefore, FAP can be targeted
with antibodies, vaccines and even chimeric T cells.

Expert commentary

A better understanding of the interactions between tumor and non-tumor host cells,
extracellular matrix and secreted molecules is revolutionizing our general views on tumor
initiation and malignant expansion. Tumors, including ovarian cancer, are now seen as
organ-like structures where a dynamic cross-talk between tumor and the predominant non-
tumor compartments is required for progression. However, preclinical optimization of
targeting elements of the TME is very challenging in terms of high-throughput screening.
Unlike classical screening approaches for drugs targeting tumor cells, testing the effect of
interventions on the TME requires /n7 vivo models that recapitulate the human disease,
because the interactions between these complex networks affect multiple compartments that
cannot be frequently mimicked in a Petri dish. The recent availability of oncogene-driven
genetic models of cancer is opening the field for the design of alternative interventions
against multiple tumors, including ovarian cancer.

Five year view

After more than 40 years of therapeutic approaches restricted to eliminate tumor cells, the
need for new complementary therapeutic targets has become urgent. The ovarian cancer
microenvironment offers many cell types and molecular elements for mutually exclusive
interventions (FIGURE 1). Although the field is only in its infancy, emerging results from
targeting vascular compartments illustrate the potential of targeting the TME. Myeloid
leukocytes, lymphocytes, fibroblasts and endothelial cells, as well as their secreted products,
surface molecules and paracrine survival factors, provide a fertile ground for novel
therapies. The compartmentalized nature of ovarian cancer and the accessibility of its
microenvironment offer extra openings for future clinical testing. We envision that the next
5 years will see a consolidation of several anti-angiogenic drugs as first-line therapies.
Available immunostimulatory drugs (such as combined CD40 and TLR agonists), alone or
in combination with antibodies blocking crucial tolerogenic pathways (e.g., PD1), should be
incorporated to the therapeutic arsenal in the near future. In addition, the adoptive transfer of
tumor-reactive T cells is expected to produce the most impressive clinical results in selected
patients. However, our view is that it is unlikely that engineered T cells will be routinely
applied outside specialized institutions. We finally anticipate that an area of accelerated
achievements in the next years will be the identification of molecular and immune signatures
that predict big cohorts of patients that can benefit from specific treatments (e.g.,
immunotherapy). Strides towards personalized medicine and microenvironmental targeting
should thus progressively reverse the dismaying prognosis of this terrible disease.
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Key issues

Last December, results from 2 positive phase Il trials illustrated for the first
time the potential of targeting the ovarian cancer microenvironment with
bevacizumab

The compartmentalized nature of ovarian cancer, its immunogenicity,
abundance of inflammatory cells, aggressiveness and the accessibility of its
microenvironment make it an ideal disease for new microenvironmental
interventions and offer extra opportunities for future clinical testing

T cells engineered to express chimeric receptors targeting specific tumor
markers should produce impressive clinical results in a particular group of
patients treated at selected institutions in the near future. However, routine
implementation of this approach may be limited to a few hospitals with the
required technical expertise and sophisticated facilities

In contrast, immunostimulatory adjuvants such as CD40 and TLR agonists are
already approved for clinical testing and could synergize /n vivo at activating
ovarian cancer microenvironmental leukocytes

Similarly, antibody-based neutralization of common immunosuppressive
pathways in the TME (primarily, PD1), may prove successful in current clinical
testing

Combinatorial targeting of different compartments of the TME, including
endothelial cells, myeloid leukocytes and fibroblasts, is expected to result in
synergistic effects by breaking their cross-talk

Molecular signatures that predict sets of patients to benefit from specific
treatments targeting the TME (thus advancing towards the goal of personalized
medicine) are expected to revolutionize the future management of ovarian
cancer
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Figure 1. Targetable elementsin the ovarian cancer microenvironment

In solid ovarian tumors, infiltration of tumor islets by anti-tumor T cells is associated with
improved outcomes. The protective function of T cells is eventually abrogated, among other
factors, by signals produced by tumor cells (e.g., TGFB, PGE2 and IDO); by Treg; and by a
very abundant and heterogeneous population of immunosuppressive/proangiogenic myeloid
leukocytes with predominant attributes of dendritic cells (through Arginase production and
up-regulation of a variety of inhibitory surface molecules). Fibroblasts and collagen
constitute the main elements of the stroma, in which anarchically distributed vessels,
covered by few pericytes, provide nutrients for tumor growth. Abundant inflammatory
cytokines (e.g., IL-6, IL-8 or CCL3), primarily produced by infiltrating leukocytes, also
impact the functions of other microenvironmental compartments. Finally, fibroblasts inhibit
anti-tumor immunity through unknown mechanisms.
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