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Abstract: Malignant Pleural Mesothelioma (MPM) is a rare and aggressive neoplasm of the pleural
mesothelium, mainly associated with asbestos exposure and still lacking effective therapies. Modern
targeted biological strategies that have revolutionized the therapy of other solid tumors have not
had success so far in the MPM. Combination immunotherapy might achieve better results over
chemotherapy alone, but there is still a need for more effective therapeutic approaches. Based on
the peculiar disease features of MPM, several strategies for local therapeutic delivery have been
developed over the past years. The common rationale of these approaches is: (i) to reduce the
risk of drug inactivation before reaching the target tumor cells; (ii) to increase the concentration of
active drugs in the tumor micro-environment and their bioavailability; (iii) to reduce toxic effects
on normal, non-transformed cells, because of much lower drug doses than those used for systemic
chemotherapy. The complex interactions between drugs and the local immune-inflammatory micro-
environment modulate the subsequent clinical response. In this perspective, the main interest is
currently addressed to the development of local drug delivery platforms, both cell therapy and
engineered nanotools. We here propose a review aimed at deep investigation of the biologic effects
of the current local therapies for MPM, including cell therapies, and the mechanisms of interaction
with the tumor micro-environment.

Keywords: mesothelioma; micro-environment; local therapy; advanced cell therapies

1. Introduction

Malignant pleural mesothelioma (MPM) is a fatal asbestos-related malignancy which
originates from the mesothelial layer which coat the pleural space. Despite asbestos bans,
MPM incidence in Europe and Japan is still rising and it is almost reaching its peak,
predicted in 2020 and 2025, respectively. In early disease stages, multimodal therapeutic
approaches, encompassing surgery, radiation therapy and chemotherapy can be available
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at least in patients featuring good performance status. In advanced MPM cases the only
option is palliative treatment. Several chemotherapeutics have already been evaluated, in
absence of clear clinical efficiency [1]. Modern targeted therapies that have shown benefits
in other human tumors have so far failed in MPM [2]. Thus, MPM has been listed an orphan
disease by the European Union (EU). The latter assures that the disease is enclosed into
the European Reference Network (ERN) for the lung that is dedicated to rare respiratory
diseases, which has the main aims to: facilitate improvements in access to diagnosis
and delivery of high quality, accessible and cost-effective healthcare for people living
with rare diseases, and act as focal points for medical training and research, information
dissemination and evaluation, especially for rare diseases (website at ERN-LUNG | Rare
Respiratory Diseases). In addition to being a rare disease, MPM can also be classified as
an orphan disease, poorly interesting for the pharmaceutical industry that does not invest
sufficiently in this pathology. For patients that do not respond to the first-line chemotherapy,
a second-line chemotherapy approach can be considered. However, there are no approved
agents. Thus, MPM remains a disease setting to test new agents. Consequently, patients
should be encouraged to participate in clinical trials [3]. When a clinical trial is not available,
single-agent chemotherapy could be considered for fit patients, although the panel was
not unanimous about this issue. Best supportive care remains a valid option. Among
biologic agents that have shown unsuccessful results against MPM there are tyrosine kinase
inhibitors and the PIK3CA-mTOR inhibitor, everolimus [4–6]. Furthermore, the first data
from immunotherapy in MPM have been disappointing [7], with the recent exception
that anti-PD-1 nivolumab alone in combination with the anti-CTLA-4 ipilimumab has
shown good activity in absence of relevant toxicities, in 125 MPM patients featuring
progressive disease after conventional chemotherapy [8,9]. In 2017, a phase 2b, multicenter,
randomized, double-blind, controlled trial investigated tremelimumab, a CTLA-4 inhibitor,
as a second/third line approach after disease relapse in a cohort of 569 patients, but no
significant impact on overall survival (OS) was reported [10]. Subsequent translational
studies confirmed that MPM is characterized by an immunosuppression-oriented stromal
context which is coherent to relatively low response rates to checkpoint inhibitors. Thus,
novel and targeted immunotherapeutic approaches are now under investigation and
development.

The poor therapeutic results that impact MPM patient outcomes could be reasonably
ascribed as both due to drug inability to reach the site of disease and to the difficulty in
reaching adequate intracellular drug concentrations, due to excessive systemic side effects.
MPM is characterized by rapid and diffuse local growth, whereas distant metastases rarely
appear and arise in advanced phases of disease development. Thus, the pleural space,
despite the physiological draining capacity of the membrane that covers it, represents
an ideal space for the local chemotherapy treatment in case of neoplastic transformation.
Moreover, growing evidence suggests that asbestos-induced inflammation is at the basis
of the neoplastic transformation of mesothelial cells and that this unique tumor micro-
environment (TME) is involved in the induction of resistance to the applied therapies [2,11].
Among the most promising therapeutic strategies that are under investigation, there is
the local delivery of biologic and chemical agents. These approaches exploit the typical
progression pattern of MPM which is most often localized, whereas distant spreading
rarely occurs. There is a strong rationale for development of local delivery therapeutic
platforms, mainly in case of a rare disease such as MPM. The first is that local delivery of
an antineoplastic drug allows an increase in drug concentration near the tumor mass and
reduces the risk of drug inactivation before reaching it. Secondly, the drug bioavailability
is increased, and its higher activation also assures a deeper and more profitable interaction
with the specific tumor surrounding stroma. Furthermore, local treatments reduce toxic
effects on normal non-transformed cells and therefore of systemic chemo-toxicity because
of much lower drug doses than those used for systemic chemotherapy. Several strategies
are under development encompassing surgery, ionizing radiation, biologic agents and
cells and nanoparticles. This present work aims at summarizing the novel approaches
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for local therapy in MPM, with a primary focus on the rationale of this approach, which
assures a closed contact with the immune/inflammatory and vascular processes which
specifically characterize the MPM stroma. From this perspective, advanced cell therapies,
which ultimately aim at increasing the number of effector cells against the tumor, might
play a substantial role which is favored by their dynamic interaction with tumor stroma.

2. Targeting MPM Stroma by Local Approach
2.1. Biologic Frame and Rationale

Growing evidence demonstrates that MPM is characterized by specific features of
the micro-environment that hamper its pharmacological targeting. Indeed, MPM is not
made merely of transformed cells, but a dynamic cross-talk with surrounding stroma is
responsible for tumor onset and progression. Every tumor (and, thus, MPM) is made with
malignant cells plus stroma: the main and specific issue is related to the role played by
asbestos (rather than activation of specific oncogenes) in both driving malignant transfor-
mation and modulating tumors surrounding stroma [2,12]. Although a deep description
of MPM surrounding stroma goes beyond the scope of this review and can be available
in detail in recently published literature, e.g., [2,12–15], it is relevant to underline that
the chronic inflammatory response to asbestos leads to the generation of a specific and
heterogeneous stroma which sustains malignant transformation [16]. In detail, it deter-
mines an increased production of reactive oxygen species (ROS) and free radicals which
recall inflammatory cells [17,18]. The inflammatory process is exacerbated by the acti-
vation of macrophages that are stimulated by the release of high-mobility group box 1
protein (HMGB1) and by secretion of TNF-alpha and other inflammatory cytokines in
the intercellular spaces [19]. Overall, these processes reduce the peritumoral immunity
milieu [20,21]. It is constituted by different cell types as immunosuppressive cells, such as
type 2 tumor-associated macrophages and T regulatory lymphocytes, and several immuno-
suppressive factors, among which is tumor-associated PD-L1 [22]. The genetic asset of the
disease also modulates peritumor micro-environment. For instance, it has been recently
reported that p14/ARF-negative tumors display an immune micro-environment which
is less sensitive to immune checkpoint inhibition, being associated with low PD-L1 and
CD4 expression, and high CD163 percentage [23]. Frequent somatic alterations involve the
BAP1, NF2 and CDKN2A genes and leads to a significant enrichment of tumor suppressor
genes. The MPM clonal evolution shapes the MPM micro-environment and modulates
immunosurveillance, since neoantigens derived during clonal evolutionary trajectory can
modulate the composition of the micro-environment by regulating the infiltration lev-
els of Tregs, CD8+, the HLA system [24]. Notably, the characterization of the immune
micro-environment has been significantly associated with patient prognosis [25], being
those infiltrates featuring by low CD4POS lymphocytes and high CD8POS and high PD-L1
expression associated with poor patient survival [26–28]. Among the factors which regulate
T cell activity, hypoxia is a main driver and promotes tumor cell growth and aggressiveness
through the increased expression of several molecules such as hypoxia-inducible factor 1
(HIF1α/2α), CD44 and Oct4, Bcl2, E-cadherin, vimentin and key nutrients such as glucose
transporter 1 (Glut1) [29]. Moreover, hypoxia, by enhancing HIF1α-expression, increases
PD-L1 expression in animal models [30]. HIF1α expression is also associated with sup-
pression of T-cell proliferation in mice [31]. In conclusion, the fibroinflammatory stroma
typical of MPM, beyond impeded drug penetration in the tumor mass, can contribute to
chemoresistance by stimulating cancer cells growth, invasion and angiogenesis, and induc-
ing an immunosuppressive phenotype [32]. This observation sustains a strong rationale
according to which the micro-environment is becoming an appealing actionable target.
In this perspective, mesothelioma has two potential advantages. First, relatively specific
markers have been identified. Second, MPM may provide an opportunity to use local
therapy by intrapleural or intra-tumoral injection.

The specific pattern of growth of MPM could become an Achilles heel. An overview
on the strategies that have been developed and/or are under investigation for local therapy
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in MPM is summarized in Figure 1. Many cellular and intracellular pathways have been
exploited for therapeutic purposes in cancer and in MPM as well. In brief, cell surface
targets include receptor tyrosine kinases involved in cell proliferation, invasion and angio-
genesis, such as VEGFR, whose activation is blocked by the antibody Bevacizumab or by
various tyrosine kinases inhibitors such as nintedanib, semaxinib, cedinarib, sorafenib and
sunitinib, and immune checkpoint inhibitors such as PD-1/PDL-1 or CTLA-4 axis [33–35].
PD-1 is expressed on the surface of T-lymphocytes, B lymphocytes and NK cells. PD-1
ligand (PDL-1) is expressed both in hematopoietic and non-hematopoietic cells, including
mesothelioma cells. PD-1/PDL-1 signaling plays a crucial role in tumorigenesis, inducing
resistance against T cell mediated killing and promoting cancer immune escape [36,37].
PD-1 inhibitors such as pembrolizumab and nivolumab, and PDL-1 inhibitors such as
durvalumab and atezolizumab, restore antitumor activity of T cells within tumor micro-
environments. Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4) is expressed in T cells and acts
by blocking their activity through the interaction with CD80 or CD86 expressed on antigen
presenting cells and cancer cells. The blockade of CTLA-4 by monoclonal antibodies such
as ipilimumab and tramelimumab promotes T cell killing activity against cancer cells. A
combination of PD-1/PDL-1 and CTLA-4 blockade shows a synergistic effect [38–40]. In-
tracellular pathways include apoptotic regulators such as PI3K/AKT/mTOR pathway, the
target of mTOR inhibitor Everolimus, and epigenetic modifiers of histones such as HDAC
inhibitor Belinostat [41]. Novel therapeutic strategies have been developing. Pegylated
adenosine deaminase reduces extracellular adenosine concentrations, which promotes
cancer growth within micro-environments, and induces apoptosis of MPM cells [41]. Mes-
enchymal stromal cells (MSCs), after in vitro expansion and manipulation to make them
able to deliver antineoplastic agents, can exert anticancer activity through their secretoma,
the release of a great number of soluble factors and their differentiation potentialities [42].
Adoptive cell therapy includes vaccination with dendritic cells (DCs) loaded with Tumor
Associated Antigens (TAAs), which prime antigen-specific cytotoxic T cells and activate
natural killer cells; engineer T cells to express chimeric antigen receptors (CARs) against
targets such as mesothelin, FAP, MET and pan-ErbB; oncolytic viral immunotherapy, which
uses nonpathogenic oncolytic viruses to infect and lyse cancer cells and to stimulate a
robust immune anti-tumor response [2,43].

Essentially the tools in clinical use to locally vehicle anticancer drugs are cellular-
derived or biologically compatible synthetic compounds such as polymer drug conjugates,
nanoparticle and liposomal systems, and transdermal drug delivery patches. These novel
technologies have made possible the development and use of new anticancer agents as
well as a more a safer and more efficient profile of standard chemotherapy. Furthermore,
local administration of anticancer therapies combing immune, chemo, radiotherapy and
small agents can assure synergistic antiproliferative effects. In this perspective, the hetero-
geneity of MPM surrounding stroma could be exploited to obtain synergistic effects with
conventional treatments.

It should be also noted that a tumor micro-environment is also modulated by physical
forces. In a context of local drug delivery, they could play a crucial role and should be kept
under consideration. They control trans-vascular and interstitial drug transport as well as
intercellular cross-talk by modulating the interaction between invading cancer cells and
their 3D micro-environments. Interestingly—with respect to MPM—it has been reported
that Caveolin 1 (CAV1) acts as a multifunctional scaffolding protein which is involved
in cancer growth and progression, modulating tissue responses through architectural
regulation of the micro-environment. Caveolae and their components act as modulators of
biomechanics and ECM–cell interactions [44,45].
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2.2. Imaging as a Tool to Assess Tumor Micro-Environment

Images are more than pictures: they are data [46]. A decade ago this new approach to
images created a completely new field of research called radiomics. Radiomics extracts large
amounts of features from biomedical images using data-characterization algorithms [47].
These features, named radiomic features, can be used in treatment selection or as outcome
prediction biomarkers.

Overall, the complex interaction between drugs and the local immune-inflammatory
micro-environment which modulates the subsequent clinical response had already been
explored with radiomics in several different scenarios, in particular for immune (PD-1,
PD-L1) markers [48]. This approach to assess tumor-infiltrating CD8 cells and responses to
anti-PD-1 or anti-PD-L1 immunotherapy has not been yet applied to MPM. Nonetheless,
there have been several successful reports of the application of radiomics to different
aspects of MPM management (e.g., plaque characterization) [49]. Local therapies and
modulation of tumors surrounding stroma will most likely be one of the next research
fields for radiomics in MPM. Although chest magnetic resonance (MR) is not routinely
used to evaluate MPM, this imaging has great potentiality in evaluating local therapy
responses due to its functional insights (Figure 2). Diffusion-weighted imaging (DWI)
allows patient-tailored care in MPM: it has already been used to discriminate between
long- and short-term overall survivors [50]. Several new tools have been developed in
the last year for a multi-parametric evaluation of tumor lesions (e.g., Dynamic Contrast-
Enhanced MR Imaging, Chemical Exchange Saturation Transfer Imaging) [51]. IVIM-based
perfusion MRI, which does not require contrast agents, is gaining momentum, especially for
oncologic applications [52,53]. Intravoxel Incoherent Motion (IVIM) refers to translational
movements which, within a given voxel and during the measurement time, present a
distribution of speeds in orientation and/or amplitude. IVIM can evaluate micro-vessel
perfusion in vivo using quantitative parameters obtained from the multi-b-value DWI of
a double-exponential decay model. So far, no attempt to evaluate a possible correlation
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between neo-angiogenesis (VEGF-VEGFR) markers and IVIM parameters for MPM has
been reported.
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Figure 2. Matching functional and morphological imaging data. (A) CT/PET image showing a marked uptake of the tracer
by a lymph node mass (with poor tissue uptake in the costo-vertebral shower). (B) IVIM sequence performed on the same
patient. Comparing the two images, it can be observed that even if the CT/PET scan allows a greater morphological detail,
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3. How to Local Target MPM: Where We Are Going
3.1. Nanoparticles (NPs) as Novel Promise for MPM

The application of nanotechnology in medicine opens incredible opportunities in
cancer treatment. Given the chemical and physical properties of NPs, they allow: (1) to
target specific cell population exploiting both passive targeting by enhanced permeability
and retention effects, and active targeting by modifying the surface of nanoparticles with
moieties specific only for cancer cells; (2) to increase drugs concentration in tumor bulk
reducing side effects; (3) to allow new route of administration for those drugs already used
in clinics, increasing their bioavailability. Usually, in cancer treatment the preferentially
route of NPs administration is the intravenous injection. However, regarding MPM or other
lung diseases, the best approach to administer therapies is the local treatment through
aerosol or pleural injection.

The most used type of NPs for MPM treatment are liposomes. This is because these
kinds of nanovehicles are composed of a mixture of lipids and/or cholesterol, giving the
property to be highly biocompatible. Moreover, liposomes give the opportunity to deliver
both hydrophobic and hydrophilic compounds, but also genetic material. In MPM treat-
ment, liposomes are exploited to deliver chemotherapeutics, such as doxorubicin [54,55],
or pemetrexed [56,57], with the main goal to increase the concentration of drugs in the
peritoneal cavity, to avoid fast degradation of drug molecules, and to have the possibility
to prolong the release of the drug. For example, Ando et al. demonstrated that an injec-
tion into the pleural cavity of pemetrexed loaded into liposomes had more suppressive
effect on tumor growth in an orthotopic mesothelioma mouse model, compared to free
pemetrexed. Other important studies using liposomes concerns their biodistribution after
pleural injection [58,59]. Marazioti et al. conducted an animal study by injecting in a
pleural cavity different types of liposomes labeled with DiR, comparing their accumulation
in normal mice to MPM-bearing mice. Authors demonstrated that several parameters
affect liposomes retention, such as size and coating surface with polymers, e.g., (PEG),
showing that small liposomes or PEGylated ones had higher retention. Interestingly, the
pattern of liposome clearance from the pleural cavity was the same comparing normal
mice to MPM bearing ones [59].
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Not only liposomes but also other types of nanoparticles are being studying for
MPM treatment, such as gold nanoparticles [60] or pH-responsive polymeric (expansile)
nanoparticles [61,62]. Additionally, for these kinds of nanoparticles, the potentiality of
using nanoparticles was demonstrated. Very interesting are the results obtained by Schulz
et al. that associated chirurgical resection with treatment with paclitaxel-loaded expansile
nanoparticles. Comparing treatments with paclitaxel alone or loaded into nanovehicles, the
authors demonstrated that only nano-formulated paclitaxel is able to significantly extend
animal survival compared to those animals treated only with surgical resection or with the
addition of free paclitaxel. This gain of efficacy was due to the property of nanoparticles to
prolong the release of drugs in the intraperitoneal cavity. This point is crucial in a type of
cancer such as MPM, where after surgical resection it can remain microscopic in residuals,
leading to a disease recurrence.

As mentioned above, the use of NPs allows the targeting of specific cell populations
with specific moieties. MPM researchers have exerted the high expression by MPM cells of
CD146 [60] and CD44 [63], two membrane proteins significantly relevant for the diagnosis
and prognosis of MPM. Both papers show the high ability of targeted-NPs to be internalized
specifically by MPM cells by in vitro experiments; Sakurai et al. suggested that targeted
NPs tended to accumulate inside tumor bulk more than non-targeted NPs after pleural
injection by in vivo experiments [59].

In conclusion, despite the relative novelty of this field, nano-based approaches could
be a very promising option for MPM patients, as adjuvant therapy after surgical resection
to avoid the relapse of cancer. However, it is very important to study the fate of NPs after
pleural injections for every type of material or modification done to NPs, since Marziaroti
et al. demonstrated that changing the formulation of liposomes or size could also change
the biodistribution and clearance of liposomes [59].

3.2. Advanced Cell Therapy
3.2.1. Adoptive Cell Therapy for MPM

Adoptive transfer of ex vivo cultured and expanded Tumor Infiltrating Lymphocytes
(TILs) isolated from a resected tumor specimen has been used from 1988 for the treatment
of different tumor types. The treatment with TILs demonstrated a significant disease
regression only in melanomas [64], even if the median duration of response was only four
months due to immune tolerance and tumor escape. Today, TILs represent an experimental
treatment not used in routine clinical practice. TILs have not been successfully used against
other cancers; moreover, TILs are limited by small numbers of invasive lymphocytes
and lack of significant innate anti-tumor immunity enhancement [65]. On the contrary,
Dendritic Cells (DCs) are widely used as adoptive cell therapy in different cancers, such
as glioblastoma, melanoma, ovarian cancer and also MPM [66–68]. Vaccination with
DCs is used to initiate an anti-tumor immune response. Immature DC are normally
present in the tissue micro-environment and become activated when they meet foreign
pathogens. This activation follows stimulation by exogenous signals via pattern recognition
receptors such as toll-like receptors (TLR), and stimulates the DC migration to the draining
lymph node and the presentation of the processed epitopes to T cells. During the T cell
activation, DC secrete different cytokines and stimulate the immune responses toward
TH1 and TH2. Due to their characteristics, DC have been used as vaccine platforms to
induce anti-tumor immune responses via cytotoxic T lymphocytes [69]. To evade the
TME immunosuppressive activity, DCs can be activated and loaded with selected Tumor
Associated Antigens (TAAs) or whole tumor lysate in vitro. Three generations define the
evolution of the DCs-therapy. In the first one, monocytes isolated from peripheral blood
were cultured with GM-CSF and interleukin (IL) 4. This allows the differentiation of DCs to
immature monocyte-derived DCs. The latter were loaded with TAAs or tumor lysate and re-
injected without any further stimulation into the patient. Second-generation DCs-therapy
provided additional stimulation of moDCs in vitro by adding a maturation/activation
cocktail encompassing cytokines and immune stimulants, among which were poly I:C,
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TLR ligands and prostaglandin E2. Next generation DCs-therapy is based on the use of
naturally occurring DCs (nDCs), which are directly purified from peripheral blood. Then,
they are loaded with TAAs or tumor lysate during an in vitro step. Once activated, they are
used. Overall, this approach allows better culture performance and lower manufacturing
costs [70–72].

In MPM, initial approaches used autologous tumor lysate loaded DCs and have
shown unexpected and persistent clinical responses with significantly increased OS (with
a maximum of 66 months) after the treatment. Although these are relevant data, this
approach is impaired by two important disadvantages: it is time consuming and may not
assure the achievement of quality standards for DCs therapy. Allogenic tumor lysates
may be of help in bypassing this obstacle, as recently showed in a Phase I clinical trial
MesoCancerVa (NCT02395679). In this trial, no dose-limiting toxicities were registered,
and radiographic responses were observed. The median progression free survival (PFS)
was 8.8 months and the median OS was not reached at a median follow-up of 22.8 months.
In a follow up analysis of the peripheral blood T cell receptor β (TCRβ) chain repertoire of
nine MPM patients before and five weeks after the start of DCs-based immunotherapy, it
was found that clinical responses to DCs-mediated immunotherapy was related to both
the pre-existing TCRβ repertoire of total CD3 + T cells and to therapy-induced changes,
mainly expanding PD1+CD8+-T cell clones. Thus, the TCRβ profiling could potentially
allow to identify and select those subsets of MPM patients that could really benefit from
DCs-based immunotherapy. These promising results will be further assessed by the Phase
II/III DENIM trial (NCT03610360) which aims to recruit n = 230 patients to examine the OS
in patients treated with DCs loaded with this allogeneic tumor cell lysate, as a maintenance
treatment after chemotherapy [73].

Another adoptive cell therapy approach in MPM treatment involves the use of T cells
genetically engineered to express a chimeric antigen receptor (CAR) able to recognize a
cell-surface antigen and kill cancer cells (CAR-T) [74].

The potential to use CAR-T therapy in MPM has been extensively evaluated, and
pre-clinical models using various targets, among which are mesothelin (MSLN), Fibroblast
Activation Protein (FAP), Met Proto-oncogene (cMET), pan-ErbB and others, have been
tested. The biggest potential limitation of the use of CAR-T therapies in solid tumors could
be T-cell exhaustion. However, recent data have pointed out that exposure to checkpoint
inhibitors may improve the potency of CAR-T cell therapies, and other treatments such
as co-stimulation induction and cytokine-based approaches may also have a role [75,76].
Nevertheless, the successful results obtained by CAR T-cell therapy in onco-hematology
cannot be easily translated in the context of solid cancers, as in MPM, since some issues
are not fully addressed and might impair CAR-T cell function, namely tumor antigen
heterogeneity, the immunosuppressive tumor surrounding stroma, and the inhibition of
immune cell trafficking.

3.2.2. Drug Loading and Drug Delivery by Mesenchymal Stromal Cells (MSCs) and Their
Extracellular Vesicles

Another potential therapeutic strategy is the use of Mesenchymal Stromal Cells
(MSCs). MSCs are characterized by their ability to self-renew and differentiate into tissue-
specific specialized cells. According to the International Society for Cellular Therapies
(ISCT), minimal criteria to define multipotent MSCs are as follows: (1) plastic adhesion
capacity in standard culture conditions, (2) surface expression of CD73, CD90, CD105,
CD166, CD44 and CD29 markers and absence of CD14, CD34, CD45 and CD31 (3) differ-
entiation capacity in vitro into adipocyte, osteoblast and chondroblast lineages [77]. After
exposure to high doses of chemotherapeutic taxanes as paclitaxel, which act by stabiliz-
ing the b-subunit of tubulin in microtubules, MSCs seems to be able to uptake the drug
and to deliver the antineoplastic agents at the tumor site, thus directly reducing tumor
proliferation rates.

Many different methods of drug delivery have been described in the last decade,
among which are immunoconjugates for targeting tumor-specific antigens, nanotools
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and genetically modified stem cells. Nevertheless, non-modified MSCs are probably the
best option for anticancer drug local delivery, as they can rapidly adapt themselves to
culture conditions and become home to pathological tissues when injected in vivo in
addition to their own antineoplastic activity. MSCs, as well as extracellular vesicles (EVs)
obtained from MSCs (MSCs-EV), can release active soluble factors and play an effective
immunomodulatory role [78–81].

MSCs-EV may also represent a potential new Drug Delivery System (DDS) of therapeu-
tic molecules. The main features which identify EVs as promising therapeutic candidates
as DDS tools are essentially their high editability and low immunogenicity. The possibility
of tumor growth blockades by exploiting cancer messengers is not only intriguing from a
scientific perspective, but is also of clinical relevance since it allows a complete bioavailabil-
ity of therapeutic compounds. Moreover, unlike other drug delivery platforms specifically
targeting the cell surface, e.g., (monoclonal antibodies and peptide-based nanocarriers),
EVs assure a much more precise and complex vehiculation system. However, it should be
remarked that a careful evaluation of the TME, the choice of an ad hoc delivery tool as well
as the electric charge of the nanocarrier have to be taken into account to obtain the most
efficient results [82–84].

3.3. Implanted Biocompatible Scaffolds and Biomaterials

Tissue bioengineering has profoundly revolutionized recent therapeutic offers, mainly
for local approaches to cancer progression. It involves interdisciplinary research, including
biomaterial design and processing, surface characterization, and functionalization for im-
proved cell-material interactions and imaging. Implanted scaffolds and injected hydrogels
are two typical biomaterials that provide mechanical structures to tissue constructions,
whether cells are suspended within or adhered to a three-dimension hydrogel frame-
work [85]. Cells and tissues obtained and manipulated in vitro are then implanted into
the patient, thus restoring compromised biological functions without having to resort to
transplantation of biologic material from stranger donors. The study and definition of the
material used is one of main fields of research. Natural materials contain in their structure,
in specific signal sequences, all the information that can promote cell adhesion and main-
tain cell functions. The main strategies of tissue engineering involve: (i) use of molecules
and growth factors that can induce tissue formations. They are mainly represented by:
adhesion cell molecules, (integrins, cadherins, immunoglobulins), adhesion proteins to
the extracellular matrix (selectins, fibronectin, laminin, tenascin C) and growth factors
such as insulin-like growth factors (IGFs), fibroblasts growth factors (FGFs), transforming
growth factors-β (TGFs-β), epidermal growth factors (EGFs), nerval growth factors (NGFs)
and erythropoietin; (ii) use of isolated (stem) cells; (iii) use of cells sown into matrices or
incorporated into them [86]. With respect to cancer, tissue-engineering can be efficiently
exploited to generate reliable tumor models for vehicle drugs and target resistance to thera-
pies [87]. Biomaterial scaffolds can efficiently deliver cancer immunotherapeutic agents to
tumor masses such as vaccines, immunomodulators, and immune cells. Moreover, these
approaches can be efficiently exploited for combinatorial therapies including conventional
systemic chemotherapy [88]. Although no data are till now available regarding blockades
of immune/inflammatory cascades, intrapleural polymeric films containing cisplatin have
already been tested with promising results in MPM animal models [89], and a synergy
between the two molecules has been demonstrated [90].

4. Conclusions

In addition to being a rare disease, MPM is classified as an orphan disease, of little
interest to the pharmaceutical industry that does not invest sufficiently in this pathology.

This implies that the current therapeutic approaches against this tumor are non-
specific and therefore poorly effective, resulting in a very limited life expectancy for the
patient. There is, thus, an urgent need to find novel therapeutic strategies. Although
few data are, till now, available on MPM, the specific disease features make it potentially
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susceptible to local therapeutic approaches, taking advantage of progressions in cellular
manipulation and bioengineering. Innovative methodologies are landing the clinical
scenario and the main results will derive from the pharmacological interaction with the
active micro-environment, which surrounds neoplastic masses in the pleural space. The
identification of patients likely to respond to specific therapeutic approaches (local vs.
systemic and/or combinatorial strategies) needs clinical validation studies and requires
a constant and productive interaction among the professionals with a complementary
multidisciplinary background. Results from future trials could help the fight against MPM
(and overall pleural malignancies) by proposing innovative local therapeutic approaches
based on the design of drugs able to treat these still incurable tumors.

Author Contributions: All the authors contribute to manuscript concept and design; D.L., S.F., S.L.,
S.N., G.A., C.B., A.L., A.R.F., F.A., L.P., D.P. and G.M.S. drafted the manuscript; P.C., A.G.C. and
G.M.S. supervised the work. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding. Ricerca Corrente-(#08050) from IRCCS Policlin-
ico San Matteo to G.M.S. will support publishing charges.

Acknowledgments: G.M.S. would like to thank Elena Morganti for insightful discussions and
continuous encouragement and Benedetta Marchelli and Bianca Visconti for exceptional support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Britton, M. The epidemiology of mesothelioma. Semin. Oncol. 2002, 29, 18–25. [CrossRef]
2. Abbott, D.M.; Bortolotto, C.; Benvenuti, S.; Lancia, A.; Filippi, A.R.; Stella, G.M. Malignant Pleural Mesothelioma: Genetic

and Microenviromental Heterogeneity as an Unexpected Reading Frame and Therapeutic Challenge. Cancers 2020, 12, 1186.
[CrossRef]

3. Scherpereel, A.; Opitz, I.; Berghmans, T.; Psallidas, I.; Glatzer, M.; Rigau, D.; Astoul, P.; Bölükbas, S.; Boyd, J.; Coolen, J.; et al.
ERS/ESTS/EACTS/ESTRO guidelines for the management of malignant pleural mesothelioma. Eur. Respir. J. 2020, 55, 1900953.
[CrossRef]

4. Garland, L.L.; Rankin, C.; Gandara, D.R.; Rivkin, S.E.; Scott, K.M.; Nagle, R.B.; Klein-Szanto, A.J.; Testa, J.R.; Altomare, D.A.;
Borden, E.C. Phase II study of erlotinib in patients with malignant pleural mesothelioma: A Southwest Oncology Group Study. J.
Clin. Oncol. 2007, 25, 2406–2413. [CrossRef]

5. Govindan, R.; Kratzke, R.A.; Herndon, J.E.; Niehans, G.A.; Vollmer, R.; Watson, D.; Green, M.R.; Kindler, H.L. Cancer and
Leukemia Group B (CALGB 30101). Gefitinib in patients with malignant mesothelioma: A phase II study by the Cancer and
Leukemia Group B. Clin. Cancer Res. 2005, 11, 2300–2304. [CrossRef]

6. Ou, W.B.; Hubert, C.; Corson, J.M.; Bueno, R.; Flynn, D.L.; Sugarbaker, D.J.; Fletcher, J.A. Targeted inhibition of multiple receptor
tyrosine kinases in mesothelioma. Neoplasia 2011, 13, 12–22. [CrossRef]

7. Gray, S.G.; Mutti, L. Immunotherapy for mesothelioma: A critical review of current clinical trials and future perspectives. Transl.
Lung Cancer Res. 2020, 9 (Suppl. 1), S100–S119. [CrossRef]

8. Terenziani, R.; Zoppi, S.; Fumarola, C.; Alfieri, R.; Bonelli, M. Immunotherapeutic Approaches in Malignant Pleural Mesothelioma.
Cancers 2021, 13, 2793. [CrossRef]

9. Scherpereel, A.; Mazieres, J.; Greillier, L.; Lantuejoul, S.; Dô, P.; Bylicki, O.; Monnet, I.; Corre, R.; Audigier-Valette, C.; Locatelli-
Sanchez, M.; et al. Nivolumab or nivolumab plus ipilimumab in patients with relapsed malignant pleural mesothelioma
(IFCT-1501 MAPS2): A multicentre, open-label, randomised, non-comparative, phase 2 trial. Lancet Oncol. 2019, 20, 239–253.
[CrossRef]

10. Maio, M.; Scherpereel, A.; Calabrò, L.; Aerts, J.; Perez, S.C.; Bearz, A.; Nackaerts, K.; Fennell, D.A.; Kowalski, D.; Tsao, A.S.;
et al. Tremelimumab as second-line or third-line treatment in relapsed malignant mesothelioma (DETERMINE): A multicentre,
international, randomised, double-blind, placebo-controlled phase 2b trial. Lancet Oncol. 2017, 18, 1261–1273. [CrossRef]

11. Alcala, N.; Mangiante, L.; Le-Stang, N.; Gustafson, C.E.; Boyault, S.; Damiola, F.; Alcala, K.; Brevet, M.; Thivolet-Bejui, F.; Blanc-
Fournier, C.; et al. Redefining malignant pleural mesothelioma types as a continuum uncovers immune-vascular interactions.
EBioMedicine 2019, 48, 191–202. [CrossRef]

12. Désage, A.L.; Karpathiou, G.; Peoc’h, M.; Froudarakis, M.E. The Immune Microenvironment of Malignant Pleural Mesothelioma:
A Literature Review. Cancers 2021, 13, 3205. [CrossRef]

13. Lorenzini, E.; Ciarrocchi, A.; Torricelli, F. Molecular Fingerprints of Malignant Pleural Mesothelioma: Not Just a Matter of Genetic
Alterations. J. Clin. Med. 2021, 10, 2470. [CrossRef]

14. Wadowski, B.; Bueno, R.; de Rienzo, A. Immune Microenvironment and Genetics in Malignant Pleural Mesothelioma. Front.
Oncol. 2021, 11, 684025. [CrossRef]

http://doi.org/10.1053/sonc.2002.30237
http://doi.org/10.3390/cancers12051186
http://doi.org/10.1183/13993003.00953-2019
http://doi.org/10.1200/JCO.2006.09.7634
http://doi.org/10.1158/1078-0432.CCR-04-1940
http://doi.org/10.1593/neo.101156
http://doi.org/10.21037/tlcr.2019.11.23
http://doi.org/10.3390/cancers13112793
http://doi.org/10.1016/S1470-2045(18)30765-4
http://doi.org/10.1016/S1470-2045(17)30446-1
http://doi.org/10.1016/j.ebiom.2019.09.003
http://doi.org/10.3390/cancers13133205
http://doi.org/10.3390/jcm10112470
http://doi.org/10.3389/fonc.2021.684025


Int. J. Mol. Sci. 2021, 22, 9014 11 of 13

15. Napoli, F.; Listì, A.; Zambelli, V.; Witel, G.; Bironzo, P.; Papotti, M.; Volante, M.; Scagliotti, G.; Righi, L. Pathological Characteriza-
tion of Tumor Immune Microenvironment (TIME) in Malignant Pleural Mesothelioma. Cancers 2021, 13, 2564. [CrossRef]

16. Minnema-Luiting, J.; Vroman, H.; Aerts, J.; Cornelissen, R. Heterogeneity in Immune Cell Content in Malignant Pleural
Mesothelioma. Int. J. Mol. Sci. 2018, 19, 1041. [CrossRef]

17. Stella, G.M. Carbon nanotubes and pleural damage: Perspectives of nanosafety in the light of asbestos experience. Biointerphases
2011, 6, 1–17. [CrossRef]

18. Urso, L.; Cavallari, I.; Sharova, E.; Ciccarese, F.; Pasello, G.; Ciminale, V. Metabolic rewiring and redox alterations in malignant
pleural mesothelioma. Br. J. Cancer 2020, 122, 52–61. [CrossRef]

19. Menis, J.; Pasello, G.; Remon, J. Immunotherapy in malignant pleural mesothelioma: A review of literature data. Transl. Lung
Cancer Res. 2021, 6, 2988–3000. [CrossRef]

20. Patil, N.S.; Righi, L.; Koeppen, H.; Zou, W.; Izzo, S.; Grosso, F.; Libener, R.; Loiacono, M.; Monica, V.; Buttigliero, C.; et al.
Molecular and Histopathological Characterization of the Tumor Immune Microenvironment in Advanced Stage of Malignant
Pleural Mesothelioma. J. Thorac. Oncol. 2018, 13, 124–133. [CrossRef]

21. Tolani, B.; Acevedo, L.A.; Hoang, N.T.; He, B. Heterogeneous Contributing Factors in MPM Disease Development and Progression:
Biological Advances and Clinical Implications. Int. J. Mol. Sci. 2018, 19, 238. [CrossRef]

22. Pasello, G.; Zago, G.; Lunardi, F.; Urso, L.; Kern, I.; Vlacic, G.; Grosso, F.; Mencoboni, M.; Ceresoli, G.L.; Schiavon, M.; et al.
Malignant pleural mesothelioma immune microenvironment and checkpoint expression: Correlation with clinical-pathological
features and intratumor heterogeneity over time. Ann. Oncol. 2018, 29, 1258–1265. [CrossRef]

23. Pezzuto, F.; Lunardi, F.; Vedovelli, L.; Fortarezza, F.; Urso, L.; Grosso, F.; Ceresoli, G.L.; Kern, I.; Vlacic, G.; Faccioli, E.; et al.
P14/ARF-Positive Malignant Pleural Mesothelioma: A Phenotype With Distinct Immune Microenvironment. Front. Oncol. 2021,
11, 653497. [CrossRef]

24. Zhang, M.; Luo, J.L.; Sun, Q.; Harber, J.; Dawson, A.G.; Nakas, A.; Busacca, S.; Sharkey, A.J.; Waller, D.; Sheaff, M.T.; et al. Clonal
architecture in mesothelioma is prognostic and shapes the tumour microenvironment. Nat. Commun. 2021, 12, 1751. [CrossRef]

25. de Perrot, M. Prognostic role of PD-L1 in malignant pleural mesothelioma: Unraveling the complexity of the tumor microenviron-
ment in mesothelioma. Ann. Thorac. Surg. 2021, 21. [CrossRef]

26. Losi, L.; Bertolini, F.; Guaitoli, G.; Fabbiani, L.; Banchelli, F.; Ambrosini-Spaltro, A.; Botticelli, L.; Scurani, L.; Baldessari, C.;
Barbieri, F.; et al. Role of evaluating tumor infiltrating lymphocytes, programmed death 1 ligand 1 and mismatch repair proteins
expression in malignant mesothelioma. Int. J. Oncol. 2019, 55, 1157–1164. [CrossRef] [PubMed]

27. Rrapaj, E.; Giacometti, L.; Spina, P.; Salvo, M.; Baselli, G.A.; Veggiani, C.; Rena, O.; Trisolini, E.; Boldorini, R.L. Programmed cell
death 1 ligand 1 (PD-L1) expression is associated with poor prognosis of malignant pleural mesothelioma patients with good
performance status. Pathology 2021, 53, 462–469. [CrossRef]

28. Marcq, E.; Siozopoulou, V.; de Waele, J.; van Audenaerde, J.; Zwaenepoel, K.; Santermans, E.; Hens, N.; Pauwels, P.; van
Meerbeeck, J.P.; Smits, E.L. Prognostic and predictive aspects of the tumor immune microenvironment and immune checkpoints
in malignant pleural mesothelioma. Oncoimmunology 2016, 6, e1261241. [CrossRef]

29. Kim, M.C.; Hwang, S.H.; Kim, N.Y.; Lee, H.S.; Ji, S.; Yang, Y.; Kim, Y. Hypoxia promotes acquisition of aggressive phenotypes in
human malignant mesothelioma. BMC Cancer 2018, 18, 819. [CrossRef]

30. Noman, M.Z.; Desantis, G.; Janji, B.; Hasmim, M.; Karray, S.; Dessen, P.; Bronte, V.; Chouaib, S. PD-L1 is a novel direct target
of HIF-1alpha, and its blockade under hypoxia enhanced MDSC-mediated T cell activation. J. Exp. Med. 2014, 211, 781–790.
[CrossRef]

31. Corzo, C.A.; Condamine, T.; Lu, L.; Cotter, M.J.; Youn, J.-I.; Cheng, P.; Cho, H.-I.; Celis, E.; Quiceno, D.G.; Padhya, T.; et al.
HIF-1alpha regulates function and differentiation of myeloid-derived suppressor cells in the tumor microenvironment. J. Exp.
Med. 2010, 207, 2439–2453. [CrossRef]

32. Digifico, E.; Belgiovine, C.; Mantovani, A.; Allavena, P. Microenvironment and Immunology of the Human Pleural Malignant
Mesothelioma. In Mesothelioma; Ceresoli, G., Bombardieri, E., D’Incalci, M., Eds.; Springer: Cham, Switzerland, 2019. [CrossRef]

33. Carter, P.; Smith, L.; Ryan, M. Identification and validation of cell surface antigens for antibody targeting in oncology. Endocr
Relat. Cancer. 2004, 11, 659–687. [CrossRef]

34. Richter, M.; Zhang, H. Receptor-targeted cancer therapy. DNA Cell Biol. 2005, 24, 271–282. [CrossRef]
35. Loo, D.T.; Mather, J.P. Antibody-based identification of cell surface antigens: Targets for cancer therapy. Curr. Opin. Pharmacol.

2008, 8, 627–631. [CrossRef]
36. Waldman, A.D.; Fritz, J.M.; Lenardo, M.J. A guide to cancer immunotherapy: From T cell basic science to clinical practice. Nat.

Rev. Immunol. 2020, 20, 651–668. [CrossRef]
37. Moses, M.A.; Brem, H.; Langer, R. Advancing the field of drug delivery: Taking aim at cancer. Cancer Cell. 2003, 4, 337–341.

[CrossRef]
38. Wahid, B.; Ali, A.; Rafique, S.; Waqar, M.; Wasim, M.; Wahid, K.; Idrees, M. An overview of cancer immunotherapeutic strategies.

Immunotherapy 2018, 10, 999–1010. [CrossRef] [PubMed]
39. Lérias, J.R.; de Sousa, E.; Paraschoudi, G.; Martins, J.; Condeço, C.; Figueiredo, N.; Carvalho, C.; Dodoo, E.; Maia, A.; Castillo-

Martin, M.; et al. Trained Immunity for Personalized Cancer Immunotherapy: Current Knowledge and Future Opportunities.
Front. Microbiol. 2020, 10, 2924. [CrossRef] [PubMed]

40. Robert, C. A decade of immune-checkpoint inhibitors in cancer therapy. Nat. Commun. 2020, 11, 3801. [CrossRef] [PubMed]

http://doi.org/10.3390/cancers13112564
http://doi.org/10.3390/ijms19041041
http://doi.org/10.1116/1.3582324
http://doi.org/10.1038/s41416-019-0661-9
http://doi.org/10.21037/tlcr-20-673
http://doi.org/10.1016/j.jtho.2017.09.1968
http://doi.org/10.3390/ijms19010238
http://doi.org/10.1093/annonc/mdy086
http://doi.org/10.3389/fonc.2021.653497
http://doi.org/10.1038/s41467-021-21798-w
http://doi.org/10.1016/j.athoracsur.2020.12.052
http://doi.org/10.3892/ijo.2019.4883
http://www.ncbi.nlm.nih.gov/pubmed/31545419
http://doi.org/10.1016/j.pathol.2020.09.018
http://doi.org/10.1080/2162402X.2016.1261241
http://doi.org/10.1186/s12885-018-4720-z
http://doi.org/10.1084/jem.20131916
http://doi.org/10.1084/jem.20100587
http://doi.org/10.1007/978-3-030-16884-1_5
http://doi.org/10.1677/erc.1.00766
http://doi.org/10.1089/dna.2005.24.271
http://doi.org/10.1016/j.coph.2008.08.011
http://doi.org/10.1038/s41577-020-0306-5
http://doi.org/10.1016/S1535-6108(03)00276-9
http://doi.org/10.2217/imt-2018-0002
http://www.ncbi.nlm.nih.gov/pubmed/30149763
http://doi.org/10.3389/fmicb.2019.02924
http://www.ncbi.nlm.nih.gov/pubmed/31998254
http://doi.org/10.1038/s41467-020-17670-y
http://www.ncbi.nlm.nih.gov/pubmed/32732879


Int. J. Mol. Sci. 2021, 22, 9014 12 of 13

41. Hayashi, H.; Nakagawa, K. Combination therapy with PD-1 or PD-L1 inhibitors for cancer. Int. J. Clin. Oncol. 2020, 25, 818–830.
[CrossRef]

42. Ramalingam, S.S.; Belani, C.P.; Ruel, C.; Frankel, P.; Gitlitz, B.; Koczywas, M.; Espinoza-Delgado, I.; Gandara, D. Phase II study of
belinostat (PXD101), a histone deacetylase inhibitor, for second line therapy of advanced malignant pleural mesothelioma. J.
Thorac. Oncol. 2009, 4, 97–101. [CrossRef] [PubMed]

43. Wang, L.; Londono, L.M.; Cowell, J.; Saatci, O.; Aras, M.; Ersan, P.G.; Serra, S.; Pei, H.; Clift, R.; Zhao, Q.; et al. Targeting
Adenosine with Adenosine Deaminase 2 to Inhibit Growth of Solid Tumors. Cancer Res. 2021, 81, 3319–3332. [CrossRef] [PubMed]

44. Lacerenza, S.; Ciregia, F.; Giusti, L.; Bonotti, A.; Greco, V.; Giannaccini, G.; D’Antongiovanni, V.; Fallahi, P.; Pieroni, L.; Cristaudo,
A.; et al. Putative Biomarkers for Malignant Pleural Mesothelioma Suggested by Proteomic Analysis of Cell Secretome. Cancer
Genom. Proteomics. 2020, 17, 225–236. [CrossRef]

45. Stella, G.M.; Benvenuti, S.; Gentile, A.; Comoglio, P.M. MET Activation and Physical Dynamics of the Metastatic Process: The
Paradigm of Cancers of Unknown Primary Origin. EBioMedicine 2017, 24, 34–42. [CrossRef] [PubMed]

46. Lolo, F.N.; Jiménez-Jiménez, V.; Sánchez-Álvarez, M.; del Pozo, M.Á. Tumor-stroma biomechanical crosstalk: A perspective on
the role of caveolin-1 in tumor progression. Cancer Metastasis Rev. 2020, 39, 485–503. [CrossRef] [PubMed]

47. Fiering, S.; Ang, L.H.; Lacoste, J.; Smith, T.D.; Griner, E. Reproducibility Project: Cancer Biology. Registered report: Biomechanical
remodeling of the microenvironment by stromal caveolin-1 favors tumor invasion and metastasis. elife 2015, 4, e04796. [CrossRef]

48. Gillies, R.J.; Kinahan, P.E.; Hricak, H. Radiomics: Images Are More Than Pictures, They Are Data. Radiology 2016, 278, 563–777.
[CrossRef]

49. Rizzo, S.; Botta, F.; Raimondi, S.; Origgi, D.; Fanciullo, C.; Morganti, A.G.; Bellomi, M. Radiomics: The Facts and the Challenges of
Image Analysis. Eur. Radiol. Exp. 2018, 2, 36. [CrossRef]

50. Sun, R.; Limkin, E.J.; Vakalopoulou, M.; Dercle, L.; Champiat, S.; Han, S.R.; Verlingue, L.; Brandao, D.; Lancia, A.; Ammari, S.;
et al. A radiomics approach to assess tumour-infiltrating CD8 cells and response to anti-PD-1 or anti-PD-L1 immunotherapy: An
imaging biomarker, retrospective multicohort study. Lancet Oncol. 2018, 19, 1180–1191. [CrossRef]

51. Martini, K.; Frauenfelder, T. Old Borders and New Horizons in Multimodality Imaging of Malignant Pleural Mesothelioma.
Thorac. Cardiovasc. Surg. 2021. [CrossRef]

52. Armato, S.G.; Blyth, K.G.; Keating, J.J.; Katz, S.; Tsim, S.; Coolen, J.; Gudmundsson, E.; Opitz, I.; Nowak, A.K. Imaging in pleural
mesothelioma: A review of the 13th International Conference of the International Mesothelioma Interest Group. Lung Cancer
2016, 101, 48–58. [CrossRef]

53. Ciliberto, M.; Kishida, Y.; Seki, S.; Yoshikawa, T.; Ohno, Y. Update of MR Imaging for Evaluation of Lung Cancer. Radiol. Clin. N.
Am. 2018, 56, 437–469. [CrossRef] [PubMed]

54. Zheng, J.; Gong, X.Q.; Tao, Y.Y.; Wang, R.; Yang, G.; Li, J.D.; Ren, T.; Li, Z.M.; Yang, C.; Wang, W.C.; et al. Correlative Study
Between IVIM-DWI Parameters and the Expression Levels of Ang-2 and TKT in Hepatocellular Carcinoma. Front. Oncol. 2021.
[CrossRef]

55. Meyer, H.J.; Wienke, A.; Surov, A. Association Between VEGF Expression and Diffusion Weighted Imaging in Several Tumors-A
Systematic Review and Meta-Analysis. Diagnostics 2019, 9, 126. [CrossRef] [PubMed]

56. Zarogoulidis, P.; Mavroudi, M.; Porpodis, K.; Domvri, K.; Sakkas, A.; Machairiotis, N.; Stylianaki, A.; Tsiotsios, A.; Courcoutsakis,
N.; Zarogoulidis, K. Pegylated liposomal doxorubicin in malignant pleural mesothelioma: A possible guardian for long-term
survival. Oncol. Targets Ther. 2012, 5, 231–236. [CrossRef] [PubMed]

57. Hillerdal, G.; Sorensen, J.B.; Sundström, S.; Riska, H.; Vikström, A.; Hjerpe, A. Treatment of malignant pleural mesothelioma
with carboplatin, liposomized doxorubicin, and gemcitabine: A phase II study. J. Thorac. Oncol. 2008, 3, 1325–1331. [CrossRef]
[PubMed]

58. Ando, H.; Kobayashi, S.; Abu Lila, A.S.; Eldin, N.E.; Kato, C.; Shimizu, T.; Ukawa, M.; Kawazoe, K.; Ishida, T. Advanced
therapeutic approach for the treatment of malignant pleural mesothelioma via the intrapleural administration of liposomal
pemetrexed. J. Control. Release 2015, 220 Pt A, 29–36. [CrossRef]

59. Eldin, N.E.; Abu Lila, A.S.; Kawazoe, K.; Elnahas, H.M.; Mahdy, M.A.; Ishida, T. Encapsulation in a rapid-release liposomal
formulation enhances the anti-tumor efficacy of pemetrexed in a murine solid mesothelioma-xenograft model. Eur. J. Pharm. Sci.
2016, 81, 60–66. [CrossRef]

60. Medina, L.A.; Calixto, S.M.; Klipper, R.; Phillips, W.T.; Goins, B. Avidin/biotin-liposome system injected in the pleural space for
drug delivery to mediastinal lymph nodes. J. Pharm. Sci. 2004, 93, 2595–2608. [CrossRef]

61. Marazioti, A.; Papadia, K.; Giannou, A.; Stathopoulos, G.T.; Antimisiaris, S.G. Prolonged retention of liposomes in the pleural
cavity of normal mice and high tumor distribution in mice with malignant pleural effusion, after intrapleural injection. Int. J.
Nanomed. 2019, 14, 3773–3784. [CrossRef]

62. Cova, E.; Pandolfi, L.; Colombo, M.; Frangipane, V.; Inghilleri, S.; Morosini, M.; Mrakic-Sposta, S.; Moretti, S.; Monti, M.;
Pignochino, Y.; et al. Pemetrexed-loaded nanoparticles targeted to malignant pleural mesothelioma cells: An in vitro study. Int. J.
Nanomed. 2019, 14, 773–785. [CrossRef] [PubMed]

63. Schulz, M.D.; Zubris, K.A.; Wade, J.E.; Padera, R.F.; Xu, X.; Grinstaff, M.W.; Colson, Y.L. Paclitaxel-loaded expansile nanoparticles
in a multimodal treatment model of malignant mesothelioma. Ann. Thorac. Surg. 2011, 92, 2007–2014. [CrossRef]

64. Kanai, O.; Fujita, K.; Nakatani, K.; Mio, T. Repetitive responses to nanoparticle albumin-bound paclitaxel and carboplatin in
malignant pleural mesothelioma. Respirol. Case Rep. 2016, 4, 28–31. [CrossRef]

http://doi.org/10.1007/s10147-019-01548-1
http://doi.org/10.1097/JTO.0b013e318191520c
http://www.ncbi.nlm.nih.gov/pubmed/19096314
http://doi.org/10.1158/0008-5472.CAN-21-0340
http://www.ncbi.nlm.nih.gov/pubmed/33863778
http://doi.org/10.21873/cgp.20183
http://doi.org/10.1016/j.ebiom.2017.09.025
http://www.ncbi.nlm.nih.gov/pubmed/29037604
http://doi.org/10.1007/s10555-020-09900-y
http://www.ncbi.nlm.nih.gov/pubmed/32514892
http://doi.org/10.7554/eLife.04796
http://doi.org/10.1148/radiol.2015151169
http://doi.org/10.1186/s41747-018-0068-z
http://doi.org/10.1016/S1470-2045(18)30413-3
http://doi.org/10.1055/s-0041-1728714
http://doi.org/10.1016/j.lungcan.2016.09.003
http://doi.org/10.1016/j.rcl.2018.01.005
http://www.ncbi.nlm.nih.gov/pubmed/29622078
http://doi.org/10.3389/fonc.2020.594366
http://doi.org/10.3390/diagnostics9040126
http://www.ncbi.nlm.nih.gov/pubmed/31547581
http://doi.org/10.2147/OTT.S36915
http://www.ncbi.nlm.nih.gov/pubmed/23055748
http://doi.org/10.1097/JTO.0b013e31818b174d
http://www.ncbi.nlm.nih.gov/pubmed/18978569
http://doi.org/10.1016/j.jconrel.2015.10.019
http://doi.org/10.1016/j.ejps.2015.09.015
http://doi.org/10.1002/jps.20163
http://doi.org/10.2147/IJN.S202568
http://doi.org/10.2147/IJN.S186344
http://www.ncbi.nlm.nih.gov/pubmed/30774332
http://doi.org/10.1016/j.athoracsur.2011.04.106
http://doi.org/10.1002/rcr2.145


Int. J. Mol. Sci. 2021, 22, 9014 13 of 13

65. Sakurai, Y.; Kato, A.; Hida, Y.; Hamada, J.; Maishi, N.; Hida, K.; Harashima, H. Synergistic Enhancement of Cellular Uptake With
CD44-Expressing Malignant Pleural Mesothelioma by Combining Cationic Liposome and Hyaluronic Acid-Lipid Conjugate. J.
Pharm. Sci. 2019, 108, 3218–3224. [CrossRef] [PubMed]

66. Oble, D.A.; Loewe, R.; Yu, P.; Mihm, M.C., Jr. Focus on TILs: Prognostic significance of tumor infiltrating lymphocytes in human
melanoma. Cancer Immun. 2009, 9, 3. [PubMed]

67. Dafni, U.; Michielin, O.; Lluesma, S.M.; Tsourti, Z.; Polydoropoulou, V.; Karlis, D.; Besser, M.J.; Haanen, J.; Svane, I.M.; Ohashi,
P.S.; et al. Efficacy of adoptive therapy with tumor-infiltrating lymphocytes and recombinant interleukin-2 in advanced cutaneous
melanoma: A systematic review and meta-analysis. Ann. Oncol. 2019, 30, 1902–1913. [CrossRef]

68. Li, C.; Deng, H.; Zhou, Y.; Ye, Y.; Zhao, S.; Liang, S.; Cai, S.; Lin, J.; Tang, Y.; Wu, Y. Expression and clinical significance of CXC
chemokines in the glioblastoma microenvironment. Life Sci. 2020, 261, 118486. [CrossRef]

69. Hargadon, K.M. Strategies to Improve the Efficacy of Dendritic Cell-Based Immunotherapy for Melanoma. Front Immunol. 2017,
8, 1594. [CrossRef]

70. Brossart, P. Dendritic cells in vaccination therapies of malignant diseases. Transfus Apher Sci. 2002, 27, 183–186. [CrossRef]
71. Mastelic-Gavillet, B.; Navarro Rodrigo, B.; Décombaz, L.; Wang, H.; Ercolano, G.; Ahmed, R.; Lozano, L.E.; Ianaro, A.; Derré, L.;

Valerio, M.; et al. Adenosine mediates functional and metabolic suppression of peripheral and tumor-infiltrating CD8+ T cells. J.
Immunother Cancer 2019, 7, 257. [CrossRef]

72. Belderbos, R.A.; Vroman, H.; Aerts, J.G.J.V. Cellular Immunotherapy and Locoregional Administration of CAR T-Cells in
Malignant Pleural Mesothelioma. Front. Oncol. 2020, 10, 777. [CrossRef]

73. van Gulijk, M.; Dammeijer, F.; Aerts, J.G.J.V.; Vroman, H. Combination Strategies to Optimize Efficacy of Dendritic Cell-Based
Immunotherapy. Front. Immunol. 2018, 9, 2759. [CrossRef]

74. Garg, A.D.; Vara Perez, M.; Schaaf, M.; Agostinis, P.; Zitvogel, L.; Kroemer, G.; Galluzzi, L. Trial watch: Dendritic cell-based
anticancer immunotherapy. Oncoimmunology 2017, 6, e1328341. [CrossRef]

75. Dumoulin, D.W.; Cornelissen, R.; Bezemer, K.; Baart, S.J.; Aerts, J.G.J.V. Long-Term Follow-Up of Mesothelioma Patients Treated
with Dendritic Cell Therapy in Three Phase I/II Trials. Vaccines 2021, 9, 525. [CrossRef] [PubMed]

76. Chintala, N.K.; Restle, D.; Quach, H.; Saini, J.; Bellis, R.; Offin, M.; Beattie, J.; Adusumilli, P.S. CAR T-cell therapy for pleural
mesothelioma: Rationale, preclinical development, and clinical trials. Lung Cancer 2021, 157, 48–59. [CrossRef] [PubMed]

77. Klampatsa, A.; Dimou, V.; Albelda, S.M. Mesothelin-targeted CAR-T cell therapy for solid tumors. Expert Opin. Biol. Ther. 2021,
21, 473–486. [CrossRef] [PubMed]

78. Gray, S.G. Emerging avenues in immunotherapy for the management of malignant pleural mesothelioma. BMC Pulm. Med. 2021,
21, 148. [CrossRef]
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