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Simple Summary: Brain tumors, including glioblastoma (GB), pose a significant health concern
globally, with high mortality rates despite current therapies. Pentraxin 3 (PTX3) is a multifunctional
regulatory protein implicated from the early stages of inflammatory processes. Recent studies suggest
PTX3’s involvement in tumor progression, including metastasis and invasion, in multiple cancer
types. However, the role of PTX3 in GB remains poorly understood. This review aims to discuss
PTX3’s function in GB pathology, considering its diverse biological activities and its potential as a
promising molecular target. Understanding PTX3’s role in GB could provide insights into novel
therapeutic approaches to improve patient outcomes and survival rates.

Abstract: Brain tumors are a heterogeneous group of brain neoplasms that are highly prevalent
in individuals of all ages worldwide. Within this pathological framework, the most prevalent and
aggressive type of primary brain tumor is glioblastoma (GB), a subtype of glioma that falls within the
IV-grade astrocytoma group. The death rate for patients with GB remains high, occurring within a
few months after diagnosis, even with the gold-standard therapies now available, such as surgery,
radiation, or a pharmaceutical approach with Temozolomide. For this reason, it is crucial to continue
looking for cutting-edge therapeutic options to raise patients’ survival chances. Pentraxin 3 (PTX3)
is a multifunctional protein that has a variety of regulatory roles in inflammatory processes related
to extracellular matrix (ECM). An increase in PTX3 blood levels is considered a trustworthy factor
associated with the beginning of inflammation. Moreover, scientific evidence suggested that PTX3
is a sensitive and earlier inflammation-related marker compared to the short pentraxin C-reactive
protein (CRP). In several tumoral subtypes, via regulating complement-dependent and macrophage-
associated tumor-promoting inflammation, it has been demonstrated that PTX3 may function as
a promoter of cancer metastasis, invasion, and stemness. Our review aims to deeply evaluate the
function of PTX3 in the pathological context of GB, considering its pivotal biological activities and its
possible role as a molecular target for future therapies.

Keywords: glioblastoma; pentraxin 3; immunotherapy; novel biomarkers; inflammation; immune
system

1. Introduction

Glioblastoma (GB) is a difficult-to-treat, extensively lethal, aggressive intracranial ma-
lignancy that is the most common primary brain tumor [1]. The standard therapy options
currently include resection, radiation, and chemotherapy using several drugs [2–4]. Despite
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this multimodal approach, the median survival rate is still approximately 14 months [2–4].
GB is referred to as a multiforme because of the heterogeneous nature of the tumor in
terms of its regressive response to treatment, clinical manifestations, multiple molecular
biomarkers, and a very complex physiopathology. Additionally, GB genetic and chromo-
somal aberrations largely contribute to its invasive nature. Another important clinical
challenge in the context of GB is the blood–brain barrier (BBB), which mechanically restricts
the passage of the drug molecules and consequent delivery of the chemotherapeutic agents
to the aimed targets [5,6].

The GB tumor microenvironment has multiple cell types including microglia, astro-
cytes, fibroblasts, vascular cells, and macrophages cell types that form a neurovascular
unit function strongly contributing to tumor progression [7,8]. As an immunologically
quiet tumor, GB has a low tumor mutational burden, and few tumors infiltrating T cells,
compared to other tumors, that have had success with immunotherapy [9,10]. Checkpoint
inhibition, such as Programmed Cell Death 1 (PD-1), Programmed Cell Death Ligand 1
(PD-L1), and cytotoxic T lymphocyte-associated protein 4 (CTLA-4), have been one of the
most prominent targets in several advanced malignancies [11]. Even though preclinical
data from certain studies show prospects of checkpoint inhibitors for GB treatment, there is
still the challenge of central nervous system (CNS) toxicity [12,13].

Alongside these trials, there are ongoing studies dedicated to understanding how
to use biomarkers to respond to checkpoint inhibitors. These studies have probed the
ability of biomarkers to predict response to PD1 and PD-L1 inhibitors in a study evaluating
94 GB patients. The authors found median PD-L1 expression to be 2.77%, and that PD-L1
expression correlated with worse outcome [14], while previous data did not find PD-L1
to be a negative prognostic factor [15]. These contrasting findings make the role of PD-L1
expression on GB tumor cells in response to checkpoint inhibition unclear. In another study
with preclinical results, the adenosinergic pathway (AP) represents another major player
in the suppression of antitumor immune responses in the GB tumor microenvironment
(TME); the suppression occurs through the signaling of adenosine receptors on immune
cells overriding the chemoresistance [16].

In this frame, the search for novel molecular predictors represents a crucial objective
to improve diagnosis, therapies, and prognosis in oncology [17].

Pentraxin 3 (PTX 3) belongs to the pentraxin superfamily, a superfamily of proteins
that share the same domain [18], and is identified by a 205 amino acids long conserved
sequence at the C-terminal [19,20]. The pentraxin superfamily is divided into two major
subgroups: the short, and the long pentraxin. Long pentraxins are about twice the size of
short pentraxins, comprising neuronal pentraxin 1 and 2 (NPTX1, NPTX2), pentraxin 3 and
4 (PTX3 and PTX4) [21], are soluble pattern recognition molecules (PRMs) and have the
ability to mediate humoral host response, and are prominent as a major player in innate
immunity and inflammation [20,22], while short pentraxins are composed of C-reactive
protein (CRP) and serum amyloid P component (SAP) [21].

The pentraxin superfamily have been implicated with the ability to interact with the
extracellular matrix (ECM) proteins, modifying the structures of deprecating host cells to
maintain homeostasis [23]. Most of the members can also activate the PI3K/AKT/mTOR
pathways, which implies interference with the normal cell cycle, with PTX3 particularly
identified to have unique receptors that mediate tumor progression [24]. Additionally,
pentraxins can mediate phagocytosis and inflammation by interacting with the surface Fcγ
receptors upon target opsonization, important for innate immune defense [25].

In several studies [26,27], investigations into pathological conditions with inflamma-
tory/infectious origins have confirmed a direct correlation with the rapid rise of PTX3
blood levels, especially in humans and mice [28]. An increase in the synthesis of inflam-
matory biomarkers and consequent activation of different cellular mechanisms have been
confirmed to induce PTX3 expressions in different cells, including neutrophils, monocytes,
lymphocytes, fibroblasts, and epithelial cells [29,30]. Moreover, PTX3 shows oncogenic
dual function abilities, both pro- and anti-tumor functions [20].
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It has been confirmed that PTX3 Is associated with many non-malignant conditions that
include stroke, sepsis, hepatic cirrhosis, systemic lupus, atherosclerosis, and rheumatoid
arthritis, with eventual overexpression in different types of tumoral conditions including
breast, lung, prostate, gliomas, and hepatic cancer [31–34].

In the TME of gliomas, PTX3 has been reported to be an important part as it is se-
creted and expressed by tumor cells where tumor-associated macrophages (TAM) are
the dominant factor [35,36], while in GB, previous research has implicated PTX3 to be
closely related to the expression of PD-1, PD-L1, CD276, and HAVCR2 in the TEM, with
the expression of PTX3 significantly increasing with the worsening prognosis of GB [36].
Specifically, PTX3 has been found to be active in the critical modulation of the immunosup-
pressive microenvironment, and in the mediation of macrophages infiltration, migration,
and inflammation-resolving polarization [36].

There is sufficient evidence to suggest that PTX3 is a biomarker with immunothera-
peutic checkpoint inhibitors, and which has the possibility of countering the immunosup-
pressive effects of chemotherapeutic agents [20]. Additionally, an increase in PTX3 blood
levels has been identified as a reliable biomarker of the start of inflammation [28].

Based on all these suggestions, this review aims to explore the function of PTX3
as a core driver of immunity and inflammation in GB, deeply investigating its biologi-
cal activities, especially within the TME, and its role as a potential target for future GB
immunotherapeutic efforts.

2. Primary Brain Tumors Background: Focus on Glioblastoma

Primary brain tumors develop from the tissues of the brain or the brain’s immediate
surroundings, involving several cell types [37]. The classification of brain tumors is based
on their histological, physiological, genetic, and molecular characteristics [38]. Primary
brain tumors can be classified in glial and non-glial tumors, and in benign (non-cancerous)
or malignant (cancerous) tumors. The glial tumors originate from glial cells while the
non-glial tumors develop on or in the structures of the brain, including nerves, blood
vessels, and glands. Primary brain tumors are characterized by nuclear atypia, mitotic
activity, endothelial proliferation, necrosis, and high invasiveness [38]. The complexity
of the different types of brain tumors and their prognosis depends on their origin, their
development, and progression [38]. Therefore, it is extremely important that the origin,
which involves the formation of cancer stem/progenitor cells, is explored to understand
the growth, prognosis, treatments, drug resistance, and relapse of brain tumors [38].

In the last decade, more than 150 different brain tumors have been identified [39].
However, in this review, we focused on GB as the most common and aggressive CNS
tumor.

Gliomas are malignant brain tumors that originate from glial cells surrounding brain
tissue. The incidence of glioma is about 8 per 100,000 people worldwide, and it increases
with age [40]. Gliomas are classified into: pilocytic astrocytomas (Grade I), which are
benign tumors and occur primarily in children; astrocytomas, oligodendrogliomas, and
oligoastrocytomas, which correspond to low-grade (II) or high-grade (III and IV) and can
develop into GB, a grade IV astrocytoma [41]. GB is the most aggressive primary tumor of
the CNS, accounting for 48.6% of all malignant CNS tumors [41]. GB diagnosis is associated
with a median survival of approximately 15 months and a 5-year survival of approximately
36% [42]. GB arises from glial cells with a surrounding brain parenchyma comprising
CNS-specific cells including astrocytes, neurons, and microglia, and a distinctive ECM
composition [43].

According to the World Health Organization (WHO), GB is classified into:

- Isocitrate dehydrogenase (IDH)-wild type GB (about 90% of cases), which corresponds
to the clinically defined primary or de novo tumor. It develops without evidence of a
malignant precursor. It is prevalent in patients aged over 55 years [44].
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- IDH-mutant GB (about 10% of cases), which corresponds to the secondary GB. It develops
from low-grade diffuse astrocytoma (WHO grade II diffuse astrocytoma) or anaplastic
astrocytoma (Grade III), and occurs in younger patients (mean age = 40 years) [44].

- Not-otherwise-specified GB (NOS), which is reserved for those tumors for which full
IDH evaluation cannot be performed [44].

- Not-elsewhere-classified GB (NEC) occurs because of discrepancies between the clini-
cal, histological, immunohistological, and genetic tumor features [44].

Currently, the standard treatment for GB consists of surgical resection and adjuvant
chemotherapy with temozolomide (TMZ), a pro-drug alkylating agent, combined with
radiotherapy [45]. However, despite the progress in conventional treatments, the outcome
for patients with GB remains almost fatal due to the therapeutic resistance and tumor
recurrence after surgery [46].

Thus, comprehending GB pathogenesis is necessary for both the identification of novel
biomarkers, and the design and development of potential chemotherapeutic treatments.

Basically, cancer develops in part from a failure of normal immune surveillance [47].
Over the last decade, it has been demonstrated that both innate and adaptive immunity
play an important role in counteracting and facilitating cancer development, as well as
in contributing to standard therapies [48]. The GB microenvironment is heterogeneous;
it involves neoplastic, but also non-neoplastic cells, including infiltrating and resident
immune cells, vascular cells, and other glial cells [49]. Multiple studies have demonstrated
the immunosuppressive nature of glioma [47,50]. In particular, research focused on the role
of tumor-associated macrophages (TAMs) in GB [51], which originate from two indepen-
dent sources: brain-resident microglia, and/or bone marrow-derived monocytes [52]. In
non-pathological settings, microglia represent the main innate immune cells in the brain as
mechanisms of defense against pathogens and harmful stimuli. However, in the context
of tumors, microglial cells contribute to initiating and maintaining tumor growth and
spread [53]. TAMs in brain cancers are the most abundant population of immune cells,
accounting for up to 50% of total live cells in the whole GBM tumor mass [54]. TAMs have
been shown to reciprocally interact with tumor cells, promoting tumor growth and progres-
sion. The recruitment of TAMs is mostly mediated by cytokines and chemokines released
by GB cells, which include CC-chemokine ligand 2 (CCL2; also known as MCP1) and CCL7
(also known as MCP3), glial cell line-derived neurotrophic factor (GDNF), hepatocyte
growth factor (HGF), SDF1, tumor necrosis factor (TNF), vascular endothelial growth factor
(VEGF), adenosine triphosphate (ATP), macrophage colony-stimulating factor 1 (CSF1),
and granulocyte–macrophage colony-stimulating factor (GM–CSF), which consequently
regulate antitumor immune response [55]. Several studies have confirmed larger numbers
of TAMs in higher-grade gliomas compared with lower-grade tumors [56,57].

GB tumor cells may downregulate major histocompatibility complex (MHC) molecules
expression to avoid neoantigen presentation [58]. According to this, it has been described a
downregulation of MHC class II molecules, which are essential for cross-presentation of
antigens to adaptive immune cells in GB, underscoring the broader immunosuppressive
effects of the tumor [58].

Glioma cells express increased levels of immunosuppressive factors such as PD-L1
and indolamine 2,3-dioxygenase (IDO) [59]. In the tumor microenvironment, PD-1, a cell
surface receptor expressed on a variety of immune cells, and its ligand PD-L1, expressed in
tumor cells and antigen-presenting cells (APCs), play a critical role in tumor progression
and survival by escaping immune surveillance [60]. In the context of glioma, PD-L1 has
been considerably studied to be related to cancer progression by suppressing the activity of
T lymphocytes and mediating immune evasion by cancer cells [61]. GB cells can secrete
several immunosuppressive chemokines and cytokines, such as interleukin (IL)-6, IL-
10, transforming growth factor (TGF)-β, galectin-1, and prostaglandin-E, which act on
infiltrating immune cells to hijack them by inducing a protumor cellular phenotype [62].
The GB microenvironment, particularly through the release of IL-6 and the expression of
PD-L1 and IDO-1, is able to promote the formation of regulatory T cells (Tregs) that blunt
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the anti-tumor T cell response [63,64]. As a result, Tregs release the immunosuppressive
cytokine IL-10, which inhibits T cell proliferation and blocks the anti-tumor immune
responses, attenuating T cell cytotoxic activity.

The release of dysregulated levels of cytokines and growth factors by glioma stem
cells (GSC) and immune cells within the GB microenvironment can potentially enhance
invasive and angiogenic processes, contributing to tumor growth [65,66].

Currently, several aspects contribute to making gliomas difficult to treat, such as the
anatomical location, the presence of the BBB, which hinders the delivery of therapeutic
compounds to the tumor site, and the limited immune reactivity within the CNS [67].

In recent years, new immunotherapeutic strategies have been well-studied in various
preclinical and clinical studies [68–71]. Previous research has shown that therapeutic
inhibition of PD-L1 or IDO in glioma mouse models decreases tumor-infiltrating Treg cell
numbers and significantly increases long-term survival [71]. In an in vivo orthotopic study,
researchers found that the blockade of PD-1 could promote the cytotoxicity of NK cells
against GSC, suggesting that immunostimulatory checkpoint inhibitors (ICI) could be an
effective strategy for treating GB [69].

Furthermore, in recent years, the efficacy of CAR-T therapy in glioma has been
proved [68,72,73]. Chimeric antigen receptors (CARs) are genetically synthetic immunoglob-
ulin T cell receptor molecules that can recognize specific antigens and activate T cells [74].
Since CAR-T cell therapy opened the door to a new era of cancer treatment, multiple CARs
have been developed to treat glioma, including CARs targeting IL13Rα2, EGFRvIII, and
CD70 [68,72]. In this regard, a previous study showed the promising antitumor activity of
first-generation IL13Rα2 CAR-T cells in patients with GB [68]. Currently, 26 clinical trials
using CAR-T cells in the treatment of glioma have been registered [56].

Moreover, immunotherapy by dendritic cells (DCs) has gained great attention as a
potential approach to enhance anti-tumor immunity in gliomas. As the “professional”
antigen processing and presenting cells, DCs play a crucial role in the initiation of the
anti-tumor immune response [75]. Several pre-clinical studies have revealed long-term
tumor survival and increased immunological memory in murine models of GB through
the stimulation of DCs activity with various antigens and costimulatory molecules [75,76].
These advances have inspired great interest in clinical immunotherapeutic trials of DC-
based vaccines against GB.

Despite these scientific advances, we must consider that GB is characterized by high
molecular heterogeneity, which may limit the efficacy of the treatment by evading the
targeted immune response; for this purpose, further studies are needed.

3. Function of Innate Immunity in Cancer and Related Therapeutic Strategies

As stated, accumulating gene mutations and structural changes promote malignant
transformation and increase the immunogenicity of cancer cells along the course of cancer
evolution [77].

The host immune system may identify tumor antigens produced by altered genes as
non-self and start the immune system’s removal [78]. Tumor antigen capture is the first
stage in the cascade multi-step process that leads to immune death in immune-mediated
elimination, which is coordinated by innate immunity and adaptive immunity [79,80]. With
its combination of chemical and physical barriers, as well as different kinds of immune
cells equipped with pattern-recognition receptors (PRRs), innate immunity functions as the
first line of protection for the host.

Adaptive immune response and non-specific killing of malignant cells are the main
ways that innate immune components, which include dendritic cells (DCs), macrophages,
monocytes, neutrophils, eosinophils, basophils, mast cells, natural killer (NK) cells, natural
killer T (NKT) cells, γδ T cells, and mucosa-associated invariant T (MAIT) cells, slow tumor
growth [81]. Unlike the innate arm, the adaptive arm of host immunity uses T and B cells
to attack cancer cells [82].
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All altered cells should ideally be identified by host immunity and destroyed; nonethe-
less, cancer is a heterogeneous illness, with several subclones exhibiting an unequal dis-
tribution of extensive genetic and epigenetic changes [83,84]. Tumor subclones with low
immunogenicity can evade immune-mediated tumor clearance when adaptive immunity
acts as a selection pressure [85]. Selected subclones are supported when developing into
clinically evident lesions by their poor immunogenicity in conjunction with immunosup-
pressive mechanisms, including immune checkpoint pathways, metabolite reprogramming,
and dysregulated cytokine repertoire [86–88].

TAMs, regulatory T (Treg) cells, regulatory B (Breg) cells, myeloid-derived suppressor
cells (MDSCs), tumor-associated neutrophils (TANs), and cancer-associated fibroblasts
(CAFs) are among the immunosuppressive cell populations in the tumor microenvironment
(TME) that also aid in immune evasion and the advancement of cancer [89–91]

Consequently, cancer immunotherapies have been reexamined and acknowledged as
the fourth therapeutic approach, following radiation, chemotherapy, and surgery.

Immunotherapy is the use of techniques that can alter immune system functioning
by influencing the humoral and cellular systems that control the body’s reaction to an
antigen. Immunotherapy has revolutionized the area of oncology by strengthening the
body’s natural defenses to eradicate cancer cells. Cancer immunotherapy seeks to modulate
the immune system without inducing uncontrollable autoimmune inflammatory reactions
that can result in therapeutic constraints. Immunotherapies can be broadly divided into
two categories: active, and passive [92]. As in the case of oncolytic vaccinations, active
immunotherapy refers to the direct induction of an immune response, immunological
memory, and a durable response [93]. Both a specific and non-specific response may result
from such active vaccination.

The non-specific response happens when the intention is to produce an adaptable
host response to combat cancerous cells. A specific response happens when an antigen
or, more accurately, an immunogen, is administered to produce an antibody, cytotoxic T
lymphocytes (CTL), or a combination of responses against an antigen linked to a particular
tumor [94]. Passive immunotherapy, on the other hand, uses a reactive lymphocyte that
may identify the malignant tumor cell or an antibody against one or more specifically
defined antigens [92].

When the objective is to trigger the host’s adaptive response, this process can generate
either non-specific or specific responses. The latter is produced when the target is directed
against a specific malignant cell, but as is the case with monoclonal antibodies, these
responses are transient and may need ongoing therapy [95]. While immunotherapeutic
techniques have demonstrated remarkable efficacy in treating a variety of tumor forms, its
use in patients with primary brain tumors has yielded subpar survival rates to date [96];
this is because brain tissue is distinguished by distinct cell types, and the BBB plays a role
in making the brain a relatively immune-privileged organ. Highly controlled immune
responses in immune-privileged organs lead to an inherently immunosuppressive milieu.
Moreover, poor immunogenicity and immunosuppression are also caused by some inherent
features of primary brain tumors, such as their high degree of heterogeneity [97].

Immune checkpoint blockage [98] and adoptive cell transfer [99,100] are two examples
of antitumor immunotherapies that have received widespread validation and clinical
approval for treating a variety of malignancies through the facilitation of T-cell-mediated
antitumor responses.

Immune checkpoint molecules, which suppress T cell receptor (TCR) signaling or
weaken the costimulatory pathway, are frequently overexpressed in the TME and impede T
cell activation [101,102]. Immune checkpoint antibodies disrupt T cell immunosuppressive
pathways, including cytotoxic T lymphocyte-associated protein 4 (CTLA-4)-CD80/CD86
signaling and PD-1 and PD-L1 [103,104]. Over 10 anti-PD-1/PD-L1 antibodies have been
licensed for use in the treatment of cancer thus far.

Even though these immunotherapies have been incredibly successful in treating
advanced tumors, there are still a few challenges that need to be overcome, such as the poor
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response rate and the absence of reliable biomarkers [105]. Immune checkpoint inhibition
was thought to be appropriate for 43.63% of all cancer patients [106], and in the US, the
total response rate was less than 13% [107].

The Link between the Immune System and GB

There has been debate on the brain’s accessibility to immunotherapy and the afferent
and efferent arms of the immune system for many years. In fact, Tumor-infiltrating lym-
phocytes (TILs) and other immune effector cell types are less common in CNS tumors than
in other tumor types [108]. Immunostimulatory treatments like immunological checkpoint
are linked to suboptimal results in patients with this “cold tumor” characteristic.

Antigen-specific TIL counts can be relatively low, even when T cell responses to
CNS tumors are triggered by methods like immunization, and those cells that are present
often have an exhausted phenotype [109]. The distinct immunological milieu of the brain
is primarily responsible for the decreased number and restricted activation of T cells in
CNS tumors [110]. Unrestrained inflammation in the brain presents a concern not often
observed in peripheral organs because of its solid enclosure and the possibility of injury
from increasing intracranial pressure. Because of this, it is possible that the CNS has
developed to be a setting where inflammatory and adaptive immune responses are closely
controlled.

Numerous immunosuppressive mechanisms operate at the molecular and cellular
levels in this regulation [111]. Brain stromal cells secrete a significant amount of trans-
forming growth factor β (TGF-β) and IL-10, two classic immunosuppressive cytokines that
counteract inflammatory cytokines to preserve homeostasis, in response to inflammatory
stimuli, including those produced from tumors [112]. Large quantities of indolamine 2,3-
dioxygenase (IDO) are produced by glioma cells. IDO depletes the microenvironment of
tryptophan, which reduces T cell activity and promotes the formation of regulatory T (Treg)
cells [113]. Likewise, high amounts of arginase are produced by both tumor-infiltrating
myeloid cells and microglia, which limits T cell proliferation and function by lowering
tissue arginine levels [114].

Specifically focusing on GB, it has been found that GB cells create and sustain this
environment which suppresses the immune system [115]. Indeed, both TGF-β and IL-
10, which reduce inflammation, are produced by these cells. These proteins impair the
potency of antigen-presenting cells and reduce the reactivity of specific T lymphocytes.
Conversely, they increase Tregs’ population size and impact. Tregs are also drawn to the
tumor site by substances released by glioblastoma cells, such as CCL2 [115]. Furthermore,
the immunological cell composition of the glioblastoma microenvironment is characterized
by a deficiency of lymphocytes and a surplus of certain myeloid cells and macrophages.
Because they help in the creation of new blood vessels and block the body’s adaptive
immune response, TAMs contribute to GB progression [116].

An essential component of GB’s immune-suppressive milieu is the myeloid-derived
suppressor cell (MDSC), a heterogeneous cell population. Through their interaction with
many cell types within the tumor, these cells impede immune responses. Their many
roles include enhancing the function of regulatory T cells, inhibiting the presentation of
antigens, and limiting the activity of specific T cells. Significantly, it has been shown that
myeloid cells such as MDSCs and TAMs in glioblastoma patients generate higher amounts
of a protein known as programmed death-ligand 1 (PD-L1), which has an adverse effect
on immune responses. This further reduces the body’s natural defenses and adds to the
disruption of T cell function [117].

By boosting certain proteins that reduce the immune response, the use of inhibitory
checkpoints, for example, might ensure protection in GB. Even against more advanced
tumors, blocking CTLA-4 and PD-1 combined demonstrated remarkable efficacy in GB-
afflicted animals [118]. These strategies are being investigated in clinical trials for GBM
that has just been diagnosed or that is recurring. However, the outcomes for GB, especially
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when combined with conventional therapy, have not been as encouraging as those for other
malignancies [119].

For example, in a study named CheckMate-143, nivolumab (anti-PD-1) and beva-
cizumab were evaluated in patients with recurrent GB, although the two therapies did not
significantly vary in overall survival [120]. Moreover, a comparable trial called CheckMate-
498 was discontinued when newly diagnosed GB patients without a particular gene change
did not exhibit improved survival with nivolumab with radiation than with temozolomide
plus radiation [116]. A different experiment called CheckMate 548 did not demonstrate an
improvement in median overall survival in patients with O6-methylguanine-DNA methyl-
transferase (MGMT)-methylated recurrent GB. This trial assessed nivolumab in conjunction
with or without radiation treatment and TMZ [118].

Nevertheless, a recent study by Cloughesy et al. showed that patients with recurrent
glioblastoma who received adjuvant therapy following surgery and neoadjuvant treatment
with pembrolizumab (anti-PD-1) had a significantly better overall survival than patients
who only received adjuvant post-surgical pembrolizumab treatment [121]. Apart from
CTLA-4 and PD-1/PD-L1 treatments, scientists are investigating alternative checkpoint
targets such as CD39 and TIM-3. Similar to PD-1, TIM-3, which is found on other immune
cells, can cause T cell fatigue. It has come to light that the ectonucleotidase CD39 inhibits
antitumor immunity [118]. Using checkpoint inhibitors in conjunction with other immune-
suppressive therapies might be an improvement. It is important to be aware that checkpoint
inhibitors may have serious adverse effects in the CNS. There is a real fear that the brain’s
too robust immune response might have negative consequences.

In summary, while immunotherapies such as checkpoint inhibitors have shown
promise, their role in treating GB is still being determined. More research is needed
to determine the best combinations of treatments and to learn more about the immuno-
logical and genetic components of GB tumors. Later on, employing checkpoint inhibitors
successfully will depend on your understanding of this.

Thus, the search for new molecular biomarkers and targets that drive the immune system
is crucial for cancer research, and, in this regard, PTX3 can represent possible candidates.

4. Pentraxin 3

The pentraxin superfamily, which includes PTX3, is a group of proteins that have been
conserved throughout evolution and play crucial roles in the detection of both self and
non-self antigens [18,122].

PTX3 is rapidly produced by various cell types, including myeloid cells, endothelial
cells, and respiratory epithelial cells [18,122].

PTX3 has a role in several physiological processes, including complement system
regulation, inflammation, immune cell recruitment, and tissue repair [123]. However, PTX3
appears to be implicated in the development of pathological inflammatory processes, which
is at odds with its physiological role [124]. PTX3 plays several roles in the organism, one of
which is pathogen identification and removal through its function as an opsonin, which in
turn promotes phagocytosis [125].

PTX3 has been identified as a crucial factor involved in humoral innate immunity,
contributing to both the control of inflammation and tolerance to certain infections [126].

The resemblance between PTX3 and short pentraxin C-reactive protein (CRP) led to
studies on the potential use of PTX3 as a marker in a range of infectious and inflammatory
human diseases. A pro-inflammatory insult can cause a considerable rise in PTX3 levels
as early as 6 h; instead, CRP levels require 24 to 30 h to increase [127], and it is primarily
produced by the liver in response to interleukin (IL)-6 during the acute phase response [128].
Differently, tissue cells and serum leukocytes, such as fibroblasts, endothelial cells, mono-
cytes, macrophages, and dendritic cells, can swiftly produce PTX3 in response to various
stimuli, including TNF-α and IL-1, PAMPs, and HDL [23,129].
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The fast rise of PTX3 in these settings is explained by the release of the preformed
protein by neutrophils in response to initial pro-inflammatory cytokines or microbial
identification, as well as local synthesis by other cell types at inflammatory sites.

Complement receptor 3 (CD11b/CD18) interaction is the primary mechanism via which
the alternative complement pathway is activated [127]. In addition to this, through a calcium-
independent method, PTX3 can interact with complement component 1q (C1q) [130],
activating the classical complement pathway in the process. Therefore, whereas PTX3 may
aid in the removal of pathogens, it may also make pathological inflammatory responses
more severe [124].

Upon release, PTX3 impacts several receptors implicated in different aspects of the
inflammatory response, including angiogenesis and tissue repair mechanisms [131]. Fo-
cusing on its function in inflammation and the immunological response, one of PTX3’s
most well-characterized effector mechanisms may be seen in its complex interactions with
elements of several complement pathways [132]. Data from scientific studies indicate
that PTX3 has the direct ability to increase TLR4-mediated NF-kB signaling, which is a
central mechanism for the stimulation of several pro-inflammatory genes and the release of
inflammatory mediators [33]. Lastly, research has demonstrated that PTX3 can influence
the adhesion molecule P-selectin using its glycosidic domain, which in turn controls the
recruitment of inflammatory cells [126].

Through a mechanism mediated by a complement system, PTX3 can increase and
extend the inflammatory response by stimulating neutrophil phagocytic activity [127].
Furthermore, PTX3 interacts with the lectin route by networking with mannose-binding
lectin, ficolin-1, and ficolin-2 [132].

In addition to the complement system’s activation, several other receptors implicated
in the immune response have been discovered recently. By dramatically increasing the
neutrophil response, PTX3 prolongs and intensifies the inflammatory process [127]. Ad-
ditionally, high plasma concentrations of PTX3 have been linked to mortality and illness
severity in a variety of clinical diseases [122], thus supporting the suggestion that this pen-
traxin functions as a biomarker of disease activity in a platelet of inflammatory disorders,
such as vasculitis and atherosclerosis, alongside immunity alterations [133–135].

With cancer, previous studies on lung cancer have confirmed that patients produce
PTX3 and that there are differential expressions of PTX3 amongst the subtypes of lung
cancer with significantly higher levels in small cell lung cancer (SCLC) than non-small cell
lung cancer (NSCLC) [136,137]. Collective research also supports the role of PTX3 as a
biomarker for the diagnosis of lung cancer, as well as the correlating effect of its expression
in tumor proliferation and invasion [138,139]

In recent years, PTX3 has also gained great attention in the complex scenario of
brain tumors, including GB, due to its pivotal role in innate immunity and inflammatory
response [36,66,140]. Specifically, PTX3 has been studied to be a key component of GB
microenvironment [35], suggesting its possible role as a biomarker for GB. The onco-
suppressive role of PTX3 is illustrated in the Figure 1.



Cancers 2024, 16, 1637 10 of 19
Cancers 2024, 16, x FOR PEER REVIEW 10 of 20 
 

 

 
Figure 1. Mechanistic pathways showing the onco-suppressive role of PTX3. 

5. Influence of Pentraxin 3 in GB 
As an essential regulator of the immune system and inflammation, the glycoprotein 

PTX3 has an emerging critical role in brain tumors. In recent years, studies have demon-
strated the involvement of PTX3 in GB growth, suggesting its ability to predict survival 
outcomes [31,35,141]. 

Since 2011 and 2013, several researchers have investigated PTX3 expression in sam-
ples from patients with gliomas [52,142]. Locatelli and colleagues demonstrated that PTX3 
expression differed between low- and high-grade tumors based on histopathological di-
agnosis and clinical severity [52]. In this regard, the authors discovered higher levels of 
PTX3 in GB than in low-grade astrocytomas and oligodendrogliomas. In GB samples, 
PTX3 immunoreactivity was stronger in the cells nearest to the vessel network or in the 
cells surrounding the necrotic areas, suggesting that PTX3 is a key component of GB mi-
croenvironment, being produced by tumor cells and infiltrating CD68-positive macro-
phages, which are commonly associated with high-grade of gliomas [52]. 

Afterwards, these results were confirmed in another study performed by Tung et al. 
[34]. 

Zhang and colleagues [36] also contributed to the knowledge of PTX3’s role in GB. 
The authors discovered that, in the context of glioma, PTX3 can recruit multiple immune 
infiltrating cells and stromal cells, including CD4+/CD8+ T cells, NK cells, macrophages, 
fibroblasts, and endothelial cells, suggesting that high expression of PTX3 may promote T 
reg differentiation and inhibit the proliferation of T cells [36]. Increased expression of 
PTX3 was negatively correlated with B cell activation, proliferation, and the expression 
level of IgG, which indicated inhibited humoral immunity, confirming the role of PTX3 in 
regulating immune infiltrating cells in glioma [36]. 

Figure 1. Mechanistic pathways showing the onco-suppressive role of PTX3.

5. Influence of Pentraxin 3 in GB

As an essential regulator of the immune system and inflammation, the glycoprotein
PTX3 has an emerging critical role in brain tumors. In recent years, studies have demon-
strated the involvement of PTX3 in GB growth, suggesting its ability to predict survival
outcomes [31,35,141].

Since 2011 and 2013, several researchers have investigated PTX3 expression in samples
from patients with gliomas [52,142]. Locatelli and colleagues demonstrated that PTX3
expression differed between low- and high-grade tumors based on histopathological di-
agnosis and clinical severity [52]. In this regard, the authors discovered higher levels of
PTX3 in GB than in low-grade astrocytomas and oligodendrogliomas. In GB samples, PTX3
immunoreactivity was stronger in the cells nearest to the vessel network or in the cells
surrounding the necrotic areas, suggesting that PTX3 is a key component of GB microen-
vironment, being produced by tumor cells and infiltrating CD68-positive macrophages,
which are commonly associated with high-grade of gliomas [52].

Afterwards, these results were confirmed in another study performed by Tung et al. [34].
Zhang and colleagues [36] also contributed to the knowledge of PTX3’s role in GB.

The authors discovered that, in the context of glioma, PTX3 can recruit multiple immune
infiltrating cells and stromal cells, including CD4+/CD8+ T cells, NK cells, macrophages,
fibroblasts, and endothelial cells, suggesting that high expression of PTX3 may promote
T reg differentiation and inhibit the proliferation of T cells [36]. Increased expression of
PTX3 was negatively correlated with B cell activation, proliferation, and the expression
level of IgG, which indicated inhibited humoral immunity, confirming the role of PTX3 in
regulating immune infiltrating cells in glioma [36].

In the context of the immune response, the expression of PTX3 in DCs is linked to
the humoral immune function of DCs, as a part of soluble pattern recognition molecules,
contributes to the recognition of pathogenic microorganisms, as well as the activation of
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the immune system [140]. Cheng and colleagues [140] discovered that the transcription
factor ZNF148 promotes the malignant transformation of DCs after crosstalk with GSCs by
upregulating PTX3 and reducing the expression of co-stimulatory factors on the surface of
DCs, inhibiting their antigen presentation and T cells activation.

PTX3 is well-known to promote cell proliferation, angiogenesis, and tumor invasion in
a variety of cancers, including breast cancer [29], prostate cancer [143], liposarcoma [144],
pancreatic cancer [145], and hepatocellular carcinoma [6]. In this regard, it has been
demonstrated that PTX3 knockdown in GB cells inhibits proliferation, increases p21 protein
levels, and decreases cyclin D1 protein levels, resulting in cell cycle arrest at the G0/G1
phase [34]. A correlation between high levels of PTX3 and GB cells migration and invasion
have also been identified by modulating matrix metalloproteinase-1 and -2 (MMP-1 and
MMP-2) expression [34].

Furthermore, a recent study demonstrated that high PTX3 expression in U87 GB cells is
associated with angiogenic potential and increased cell migration [66]. In accordance with
this, Wesley and colleagues demonstrated that PTX3 promotes tumor growth, angiogenesis,
and invasiveness by upregulating VEGF and IL-8 through NF-κB activation, hypothesizing
that PTX3 overexpression contributes to GB progression through altered expression of
downstream targets involved in angiogenesis, invasion, and migration processes [66].

Interestingly, PTX3 has also been identified as a downstream target by which the spen
paralogue and orthologue C-terminal (SPOC) domain-containing 1 (SPOCD1) genes exert
their cancerous effects in gliomas [146]. In this context, Liu and colleagues [146] discovered
that SPOCD1 positively regulates the expression of PTX3 in GB, promoting tumor growth.

The role of PTX3 in the process of autophagy in GB has also been explored [141]. Wang
and colleagues [141] identified a positive correlation between PTX3 expression and JUN, a
transcription factor that encodes the component of the activator protein-1 (AP-1) complex
involved in numerous cell activities, including tumorigenesis. This study suggested that
JUN participates in cell autophagy modulation by regulating PTX3 expression, promoting
tumor progression [141].

These findings reveal the importance of PTX3 in GB development. However, further
studies are indispensable to better understand its role in the complex scenario of GB.

The studies cited in the paragraph are shown in Table 1.

Table 1. Summary of the studies described in this review evaluating PTX3 in GB.

Title of the Paper Cancer Type Conclusions of the Study Reference

Pro-inflammatory gene expression in solid
glioblastoma microenvironment and in

hypoxic stem cells from human glioblastoma.
GB PTX3 is expressed in GB. [142]

The long pentraxin PTX3 as a correlate of
cancer-related inflammation and prognosis

of malignancy in gliomas.

GB,
Astrocytomas,

Oligodendrogliomas

PTX3 is a key component of
GB microenvironment. [35]

Inhibition of pentraxin 3 in glioma cells
impairs proliferation and invasion in vitro

and in vivo.
GB PTX3 knockdown inhibits GB

cell proliferation. [34]

Pentraxin 3 Promotes Glioblastoma
Progression using Negative Regulating

Cells Autophagy.
GB

JUN participates in cell
autophagy process by

regulating PTX3 expression,
promoting tumor progression.

[141]

PTX3 mediates the infiltration, migration,
and inflammation-resolving-polarization of

macrophages in glioblastoma.
GB

PTX3 recruits immune
infiltrating cells and stromal
cells in GB (CD4+/CD8+ T

cells, NK cells, macrophages).

[36]
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Table 1. Cont.

Title of the Paper Cancer Type Conclusions of the Study Reference

Enhanced expression of pentraxin-3 in
glioblastoma cells correlates with increased

invasion and IL8-VEGF signaling axis.
GB

PTX3 stimulates tumor
growth and invasiveness by
modulating IL-8 and VEGF.

[66]

Upregulation of the ZNF148/PTX3 axis
promotes malignant transformation of
dendritic cells in glioma stem-like cells

microenvironment.

GB

ZNF148 promotes the
malignant transformation of

DCs after crosstalk with GSCs
by upregulating PTX3.

[140]

SPOCD1 promotes the proliferation and
metastasis of glioma cells by

up-regulating PTX3.
GB

SPOCD1 contributes to glioma
proliferation and metastasis

by PTX3 modulating.
[146]

6. Current Clinical Application of PTX3 Targeting Drugs and Future Perspectives

In the literature, PTX3, as a therapeutic target in clinical trials, received minimal
attention. The study conducted by Di Caro and colleagues elucidated how high levels
of PTX3 were associated with an increased risk of disease recurrence in 69 patients with
colorectal cancer, also advising a direct correlation between PTX3 and worse survival [147].
Similarly, the inflammatory course associated with PTX3 levels has also been evaluated in
other types of cancer such as prostate cancer [148] and pancreatic cancer [149].

PTX3 positions as an effector molecule participatory in innate immunity, confirming its
immunotherapeutic possibility as a diagnostic and prognostic marker for the improvement
of GB treatment. Across all the reviewed previous works on existing malignancies, im-
munotherapy has demonstrated prognostic feasibilities, and with GB, its efficacy in clinical
trials needs to be investigated. The core limitations for immunotherapeutic efforts happen
to be the tumor microenvironment being a hostile environment for antitumor responses
and the complexities with drug delivery due to the BBB, the high tumor heterogeneity
within GB, and chronic toxicities that occur as effects from immunotherapy treatments,
which are still valid concerns with no largely successful clinical results so far.

This is what makes our work with PTX3 important. Understanding the mechanis-
tic and molecular pathways in which PTX3 is involved can help develop new targeted
therapeutic strategies that address the immunomodulatory concerns with the GB tumor
microenvironment.

Due to the limitations of drug delivery and disappointing clinical trials, electric
fields with low intensity and intermediate frequency are currently being exploited using
electrophoretic drug delivery devices where electric charges are used to transport charged
drugs; the device is mounted on the shaved scalp of the patient, and the electric fields alter
further tumor development [150,151]. Even though there are limited side-effects of using
electric fields, the cost implication is still high. Ultrasound approaches are being developed
to help in disrupting the BBB, alongside phase-changed nano droplets specifically designed
to carry lipophilic drugs [150]. There are huge positive expectations that the combination of
these drug delivery strategies together with immunotherapeutic treatments that are based
on biomarkers like PTX3 can overcome the BBB and tumor heterogeneity issue of GB.

In the future, we are certain that synergistic treatment stand the most chance to
improve GB treatment and survival, and PTX3 targeting can have a relevant part in this.

7. Conclusions

Although numerous studies have been conducted to research new therapies, the
survival rate of GB patients remains very low due to the resistance mechanisms exerted by
cancerous cells. Considering that tumors, including GB, arise in part from the failure of
immunosurveillance, immunotherapy has gained great interest in recent years.

Many researchers have focused on the role of PTX3, an effector molecule belonging to
the humoral arm of innate immunity, in GB development. These studies have demonstrated
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an increase of PTX3 expression in GB patients and its ability to modulate several immune-
infiltrating cells, including CD4+/CD8+ T cells, NK cells, macrophages, and DCs in the
glioma microenvironment, suggesting its pivotal role. Additionally, PTX3 has also been
widely studied in association with cell proliferation, autophagy, and invasion processes in
GB. Therefore, based on these findings, PTX3 could be considered a potential biomarker
for GB. Further studies are needed to better understand the mechanisms and molecular
pathways in which PTX3 is involved in malignant brain tumors, including GB, to develop
new targeted therapeutic strategies.

Author Contributions: S.A.S. and A.A., Writing—original draft; A.E.S. and A.P.C., Writing—review
and editing; G.P. and F.D.L., Methodology; E.E. and A.P.C., Supervision; A.A. and E.E., Conceptual-
ization. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: This work was supported by the National Plan for NRRP Complementary
Investments (PNC, established with the decree-law 6 May 2021, n. 59, converted by law n. 101 of
2021) in the call for the funding of research initiatives for technologies and innovative trajectories
in the health and care sectors (Directorial Decree n. 931 of 6 June 2022)—project n. PNC0000003—
AdvaNced Technologies for Human-centEred Medicine (project acronym: ANTHEM). This work
reflects only the authors’ views and opinions, neither the Ministry for University and Research nor
the European Commission can be considered responsible for them.

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

Abbreviations

GB Glioblastoma
PTX3 Pentraxin 3
ECM Extracellular matrix
CRP C-reactive protein
BBB Blood–brain barrier
CNS Central Nervous System
PD-1 Programmed Cell Death 1
PD-L1 Programmed Cell Death Ligand 1
CTLA-4 Cytotoxic T-lymphocyte associated protein 4
PRM Pattern recognition molecules
NPTX Neuronal pentraxin
SAP Serum amyloid P component
HAVCR2 Hepatitis A virus cellular receptor 2
TME Tumor Microenvironment
TMZ Temozolomide
TAMs Tumor-associated macrophages
HGF Hepatocyte growth factor
VEGF Vascular endothelial growth factor
TNF Tumor necrosis factor
APC Antigen-presenting cells
IL-6 Interleukin 6
CARs Chimeric antigen receptors
DCs Dendritic cells
PRRs Pattern-recognition receptors
MAIT Mucosa-associated invariant T
NKT Natural killer T cells
MDSCs Myeloid-derived suppressor cells
TANs Tumor-associated neutrophils
CAFs Cancer-associated fibroblasts
CTL Cytotoxic T lymphocytes
TCR T cell receptor
MMP Matrix metalloproteinase
ICI Immunostimulatory checkpoint inhibitors



Cancers 2024, 16, 1637 14 of 19

References
1. Yuan, Y.; Xue, X.; Guo, R.B.; Sun, X.L.; Hu, G. Resveratrol enhances the antitumor effects of temozolomide in glioblastoma via

ROS-dependent AMPK-TSC-mTOR signaling pathway. CNS Neurosci. Ther. 2012, 18, 536–546. [CrossRef]
2. Tan, A.C.; Ashley, D.M.; Lopez, G.Y.; Malinzak, M.; Friedman, H.S.; Khasraw, M. Management of glioblastoma: State of the art

and future directions. CA Cancer J. Clin. 2020, 70, 299–312. [CrossRef]
3. Kim, H.; Moon, J.Y.; Ahn, K.S.; Cho, S.K. Quercetin induces mitochondrial mediated apoptosis and protective autophagy in

human glioblastoma U373MG cells. Oxid. Med. Cell. Longev. 2013, 2013, 596496. [CrossRef] [PubMed]
4. Chen, R.; Mias, G.I.; Li-Pook-Than, J.; Jiang, L.; Lam, H.Y.; Chen, R.; Miriami, E.; Karczewski, K.J.; Hariharan, M.; Dewey, F.E.; et al.

Personal omics profiling reveals dynamic molecular and medical phenotypes. Cell 2012, 148, 1293–1307. [CrossRef] [PubMed]
5. Park, S.H.; Kim, M.J.; Jung, H.H.; Chang, W.S.; Choi, H.S.; Rachmilevitch, I.; Zadicario, E.; Chang, J.W. One-Year Outcome of

Multiple Blood-Brain Barrier Disruptions with Temozolomide for the Treatment of Glioblastoma. Front. Oncol. 2020, 10, 1663.
[CrossRef]

6. Song, K.H.; Harvey, B.K.; Borden, M.A. State-of-the-art of microbubble-assisted blood-brain barrier disruption. Theranostics 2018,
8, 4393–4408. [CrossRef]

7. Charles, N.A.; Holland, E.C.; Gilbertson, R.; Glass, R.; Kettenmann, H. The brain tumor microenvironment. Glia 2011, 59,
1169–1180. [CrossRef]

8. Fishbein, A.; Hammock, B.D.; Serhan, C.N.; Panigrahy, D. Carcinogenesis: Failure of resolution of inflammation? Pharmacol. Ther.
2021, 218, 107670. [CrossRef]

9. Cristescu, R.; Mogg, R.; Ayers, M.; Albright, A.; Murphy, E.; Yearley, J.; Sher, X.; Liu, X.Q.; Lu, H.; Nebozhyn, M.; et al. Pan-tumor
genomic biomarkers for PD-1 checkpoint blockade-based immunotherapy. Science 2018, 362, eaar3593. [CrossRef]

10. Thorsson, V.; Gibbs, D.L.; Brown, S.D.; Wolf, D.; Bortone, D.S.; Ou Yang, T.H.; Porta-Pardo, E.; Gao, G.F.; Plaisier, C.L.; Eddy, J.A.;
et al. The Immune Landscape of Cancer. Immunity 2018, 48, 812–830.e14. [CrossRef]

11. Preusser, M.; Lim, M.; Hafler, D.A.; Reardon, D.A.; Sampson, J.H. Prospects of immune checkpoint modulators in the treatment of
glioblastoma. Nat. Rev. Neurol. 2015, 11, 504–514. [CrossRef] [PubMed]

12. Leitinger, M.; Varosanec, M.V.; Pikija, S.; Wass, R.E.; Bandke, D.; Weis, S.; Studnicka, M.; Grinzinger, S.; McCoy, M.R.; Hauer,
L.; et al. Fatal Necrotizing Encephalopathy after Treatment with Nivolumab for Squamous Non-Small Cell Lung Cancer: Case
Report and Review of the Literature. Front. Immunol. 2018, 9, 108. [CrossRef] [PubMed]

13. Cuzzubbo, S.; Javeri, F.; Tissier, M.; Roumi, A.; Barlog, C.; Doridam, J.; Lebbe, C.; Belin, C.; Ursu, R.; Carpentier, A.F. Neurological
adverse events associated with immune checkpoint inhibitors: Review of the literature. Eur. J. Cancer 2017, 73, 1–8. [CrossRef]

14. Nduom, E.K.; Wei, J.; Yaghi, N.K.; Huang, N.; Kong, L.Y.; Gabrusiewicz, K.; Ling, X.; Zhou, S.; Ivan, C.; Chen, J.Q.; et al. PD-L1
expression and prognostic impact in glioblastoma. Neuro Oncol. 2016, 18, 195–205. [CrossRef]

15. Berghoff, A.S.; Kiesel, B.; Widhalm, G.; Rajky, O.; Ricken, G.; Wohrer, A.; Dieckmann, K.; Filipits, M.; Brandstetter, A.; Weller,
M.; et al. Programmed death ligand 1 expression and tumor-infiltrating lymphocytes in glioblastoma. Neuro Oncol. 2015, 17,
1064–1075. [CrossRef]

16. Jin, K.; Mao, C.; Chen, L.; Wang, L.; Liu, Y.; Yuan, J. Adenosinergic Pathway: A Hope in the Immunotherapy of Glioblastoma.
Cancers 2021, 13, 229. [CrossRef]

17. Ardizzone, A.; Bova, V.; Casili, G.; Repici, A.; Lanza, M.; Giuffrida, R.; Colarossi, C.; Mare, M.; Cuzzocrea, S.; Esposito, E.; et al.
Role of Basic Fibroblast Growth Factor in Cancer: Biological Activity, Targeted Therapies, and Prognostic Value. Cells 2023,
12, 1002. [CrossRef]

18. Capra, A.P.; Crupi, L.; Panto, G.; Repici, A.; Calapai, F.; Squeri, R.; Ardizzone, A.; Esposito, E. Serum Pentraxin 3 as Promising
Biomarker for the Long-Lasting Inflammatory Response of COVID-19. Int. J. Mol. Sci. 2023, 24, 14195. [CrossRef] [PubMed]

19. Wang, Z.; Wang, X.; Zou, H.; Dai, Z.; Feng, S.; Zhang, M.; Xiao, G.; Liu, Z.; Cheng, Q. The Basic Characteristics of the Pentraxin
Family and Their Functions in Tumor Progression. Front. Immunol. 2020, 11, 1757. [CrossRef]

20. Bogdan, M.; Meca, A.D.; Turcu-Stiolica, A.; Oancea, C.N.; Kostici, R.; Surlin, M.V.; Florescu, C. Insights into the Relationship
between Pentraxin-3 and Cancer. Int. J. Mol. Sci. 2022, 23, 15302. [CrossRef]

21. Gonzalez, O.A.; Kirakodu, S.; Novak, M.J.; Stromberg, A.J.; Orraca, L.; Gonzalez-Martinez, J.; Burgos, A.; Ebersole, J.L. Com-
parative analysis of microbial sensing molecules in mucosal tissues with aging. Immunobiology 2018, 223, 279–287. [CrossRef]
[PubMed]

22. Parente, R.; Sobacchi, C.; Bottazzi, B.; Mantovani, A.; Grcevic, D.; Inforzato, A. The Long Pentraxin PTX3 in Bone Homeostasis
and Pathology. Front. Immunol. 2019, 10, 2628. [CrossRef] [PubMed]

23. Bottazzi, B.; Doni, A.; Garlanda, C.; Mantovani, A. An integrated view of humoral innate immunity: Pentraxins as a paradigm.
Annu. Rev. Immunol. 2009, 28, 157–183. [CrossRef]

24. Ronca, R.; Tamma, R.; Coltrini, D.; Ruggieri, S.; Presta, M.; Ribatti, D. Fibroblast growth factor modulates mast cell recruitment in
a murine model of prostate cancer. Oncotarget 2017, 8, 82583–82592. [CrossRef]

25. Baruah, P.; Dumitriu, I.E.; Peri, G.; Russo, V.; Mantovani, A.; Manfredi, A.A.; Rovere-Querini, P. The tissue pentraxin PTX3
limits C1q-mediated complement activation and phagocytosis of apoptotic cells by dendritic cells. J. Leukoc. Biol. 2006, 80, 87–95.
[CrossRef] [PubMed]

https://doi.org/10.1111/j.1755-5949.2012.00319.x
https://doi.org/10.3322/caac.21613
https://doi.org/10.1155/2013/596496
https://www.ncbi.nlm.nih.gov/pubmed/24379902
https://doi.org/10.1016/j.cell.2012.02.009
https://www.ncbi.nlm.nih.gov/pubmed/22424236
https://doi.org/10.3389/fonc.2020.01663
https://doi.org/10.7150/thno.26869
https://doi.org/10.1002/glia.21136
https://doi.org/10.1016/j.pharmthera.2020.107670
https://doi.org/10.1126/science.aar3593
https://doi.org/10.1016/j.immuni.2018.03.023
https://doi.org/10.1038/nrneurol.2015.139
https://www.ncbi.nlm.nih.gov/pubmed/26260659
https://doi.org/10.3389/fimmu.2018.00108
https://www.ncbi.nlm.nih.gov/pubmed/29441072
https://doi.org/10.1016/j.ejca.2016.12.001
https://doi.org/10.1093/neuonc/nov172
https://doi.org/10.1093/neuonc/nou307
https://doi.org/10.3390/cancers13020229
https://doi.org/10.3390/cells12071002
https://doi.org/10.3390/ijms241814195
https://www.ncbi.nlm.nih.gov/pubmed/37762499
https://doi.org/10.3389/fimmu.2020.01757
https://doi.org/10.3390/ijms232315302
https://doi.org/10.1016/j.imbio.2017.10.034
https://www.ncbi.nlm.nih.gov/pubmed/29066255
https://doi.org/10.3389/fimmu.2019.02628
https://www.ncbi.nlm.nih.gov/pubmed/31787987
https://doi.org/10.1146/annurev-immunol-030409-101305
https://doi.org/10.18632/oncotarget.19773
https://doi.org/10.1189/jlb.0805445
https://www.ncbi.nlm.nih.gov/pubmed/16617159


Cancers 2024, 16, 1637 15 of 19

26. Salio, M.; Chimenti, S.; De Angelis, N.; Molla, F.; Maina, V.; Nebuloni, M.; Pasqualini, F.; Latini, R.; Garlanda, C.; Mantovani, A.
Cardioprotective function of the long pentraxin PTX3 in acute myocardial infarction. Circulation 2008, 117, 1055–1064. [CrossRef]
[PubMed]

27. Rodriguez-Grande, B.; Swana, M.; Nguyen, L.; Englezou, P.; Maysami, S.; Allan, S.M.; Rothwell, N.J.; Garlanda, C.; Denes, A.;
Pinteaux, E. The acute-phase protein PTX3 is an essential mediator of glial scar formation and resolution of brain edema after
ischemic injury. J. Cereb. Blood Flow Metab. 2014, 34, 480–488. [CrossRef]

28. Ristagno, G.; Fumagalli, F.; Bottazzi, B.; Mantovani, A.; Olivari, D.; Novelli, D.; Latini, R. Pentraxin 3 in Cardiovascular Disease.
Front. Immunol. 2019, 10, 823. [CrossRef]

29. Choi, B.; Lee, E.J.; Song, D.H.; Yoon, S.C.; Chung, Y.H.; Jang, Y.; Kim, S.M.; Song, Y.; Kang, S.W.; Yoon, S.Y.; et al. Elevated
Pentraxin 3 in bone metastatic breast cancer is correlated with osteolytic function. Oncotarget 2014, 5, 481–492. [CrossRef]

30. Chang, X.; Li, D.; Liu, C.; Zhang, Z.; Wang, T. Pentraxin 3 is a diagnostic and prognostic marker for ovarian epithelial cancer
patients based on comprehensive bioinformatics and experiments. Cancer Cell Int. 2021, 21, 193. [CrossRef]

31. Zhang, H.; Wang, R.; Wang, Z.; Wu, W.; Zhang, N.; Zhang, L.; Hu, J.; Luo, P.; Zhang, J.; Liu, Z.; et al. Molecular insight into
pentraxin-3: Update advances in innate immunity, inflammation, tissue remodeling, diseases, and drug role. Biomed. Pharmacother.
2022, 156, 113783. [CrossRef] [PubMed]

32. Camaioni, A.; Klinger, F.G.; Campagnolo, L.; Salustri, A. The Influence of Pentraxin 3 on the Ovarian Function and Its Impact on
Fertility. Front. Immunol. 2018, 9, 2808. [CrossRef]

33. Rathore, M.; Girard, C.; Ohanna, M.; Tichet, M.; Ben Jouira, R.; Garcia, E.; Larbret, F.; Gesson, M.; Audebert, S.; Lacour, J.P.;
et al. Cancer cell-derived long pentraxin 3 (PTX3) promotes melanoma migration through a toll-like receptor 4 (TLR4)/NF-κB
signaling pathway. Oncogene 2019, 38, 5873–5889. [CrossRef]

34. Tung, J.N.; Ko, C.P.; Yang, S.F.; Cheng, C.W.; Chen, P.N.; Chang, C.Y.; Lin, C.L.; Yang, T.F.; Hsieh, Y.H.; Chen, K.C. Inhibition of
pentraxin 3 in glioma cells impairs proliferation and invasion in vitro and in vivo. J. Neurooncol. 2016, 129, 201–209. [CrossRef]

35. Locatelli, M.; Ferrero, S.; Martinelli Boneschi, F.; Boiocchi, L.; Zavanone, M.; Maria Gaini, S.; Bello, L.; Valentino, S.; Barbati,
E.; Nebuloni, M.; et al. The long pentraxin PTX3 as a correlate of cancer-related inflammation and prognosis of malignancy in
gliomas. J. Neuroimmunol. 2013, 260, 99–106. [CrossRef]

36. Zhang, H.; Wang, Y.; Zhao, Y.; Liu, T.; Wang, Z.; Zhang, N.; Dai, Z.; Wu, W.; Cao, H.; Feng, S.; et al. PTX3 mediates the infiltration,
migration, and inflammation-resolving-polarization of macrophages in glioblastoma. CNS Neurosci. Ther. 2022, 28, 1748–1766.
[CrossRef]

37. Akter, F.; Simon, B.; de Boer, N.L.; Redjal, N.; Wakimoto, H.; Shah, K. Pre-clinical tumor models of primary brain tumors:
Challenges and opportunities. Biochim. Biophys. Acta Rev. Cancer 2021, 1875, 188458. [CrossRef]

38. Sarkar, S.; Deyoung, T.; Ressler, H.; Chandler, W. Brain Tumors: Development, Drug Resistance, and Sensitization–An Epigenetic
Approach. Epigenetics 2023, 18, 2237761. [CrossRef] [PubMed]

39. Roetzer-Pejrimovsky, T.; Moser, A.-C.; Atli, B.; Vogel, C.C.; Mercea, P.A.; Prihoda, R.; Gelpi, E.; Haberler, C.; Höftberger, R.;
Hainfellner, J.A. the Digital Brain tumour atlas, an open histopathology resource. Sci. Data 2022, 9, 55. [CrossRef]

40. Grech, N.; Dalli, T.; Mizzi, S.; Meilak, L.; Calleja, N.; Zrinzo, A. Rising incidence of glioblastoma multiforme in a well-defined
population. Cureus 2020, 12, e8195. [CrossRef]

41. Tamimi, A.F.; Juweid, M. Epidemiology and outcome of glioblastoma. In Glioblastoma; Exon Publications: Brisbane City, Australia,
2017; pp. 143–153. [CrossRef]

42. Miretti, M.; Graglia, M.A.G.; Suárez, A.I.; Prucca, C.G. Photodynamic therapy for glioblastoma: A light at the end of the tunnel. J.
Photochem. Photobiol. 2023, 13, 100161. [CrossRef]

43. Brown, N.F.; Carter, T.J.; Ottaviani, D.; Mulholland, P. Harnessing the immune system in glioblastoma. Br. J. Cancer 2018, 119,
1171–1181. [CrossRef]

44. Grochans, S.; Cybulska, A.M.; Siminska, D.; Korbecki, J.; Kojder, K.; Chlubek, D.; Baranowska-Bosiacka, I. Epidemiology of
Glioblastoma Multiforme-Literature Review. Cancers 2022, 14, 2412. [CrossRef]

45. Scuderi, S.A.; Filippone, A.; Basilotta, R.; Mannino, D.; Casili, G.; Capra, A.P.; Chisari, G.; Colarossi, L.; Sava, S.; Campolo, M.;
et al. GSK343, an Inhibitor of Enhancer of Zeste Homolog 2, Reduces Glioblastoma Progression through Inflammatory Process
Modulation: Focus on Canonical and Non-Canonical NF-kappaB/IkappaBalpha Pathways. Int. J. Mol. Sci. 2022, 23, 13915.
[CrossRef]

46. Chiariello, M.; Inzalaco, G.; Barone, V.; Gherardini, L. Overcoming challenges in glioblastoma treatment: Targeting infiltrating
cancer cells and harnessing the tumor microenvironment. Front. Cell. Neurosci. 2023, 17, 1327621. [CrossRef]

47. Himes, B.T.; Geiger, P.A.; Ayasoufi, K.; Bhargav, A.G.; Brown, D.A.; Parney, I.F. Immunosuppression in Glioblastoma: Current
Understanding and Therapeutic Implications. Front. Oncol. 2021, 11, 770561. [CrossRef]

48. Liu, Z.; Han, C.; Fu, Y.-X. Targeting innate sensing in the tumor microenvironment to improve immunotherapy. Cell. Mol.
Immunol. 2020, 17, 13–26. [CrossRef]

49. Chen, Z.; Hambardzumyan, D. Immune Microenvironment in Glioblastoma Subtypes. Front. Immunol. 2018, 9, 1004. [CrossRef]
50. Ravi, V.M.; Neidert, N.; Will, P.; Joseph, K.; Maier, J.P.; Kückelhaus, J.; Vollmer, L.; Goeldner, J.M.; Behringer, S.P.; Scherer, F. T-cell

dysfunction in the glioblastoma microenvironment is mediated by myeloid cells releasing interleukin-10. Nat. Commun. 2022,
13, 925. [CrossRef]

https://doi.org/10.1161/CIRCULATIONAHA.107.749234
https://www.ncbi.nlm.nih.gov/pubmed/18268142
https://doi.org/10.1038/jcbfm.2013.224
https://doi.org/10.3389/fimmu.2019.00823
https://doi.org/10.18632/oncotarget.1664
https://doi.org/10.1186/s12935-021-01854-7
https://doi.org/10.1016/j.biopha.2022.113783
https://www.ncbi.nlm.nih.gov/pubmed/36240615
https://doi.org/10.3389/fimmu.2018.02808
https://doi.org/10.1038/s41388-019-0848-9
https://doi.org/10.1007/s11060-016-2168-z
https://doi.org/10.1016/j.jneuroim.2013.04.009
https://doi.org/10.1111/cns.13913
https://doi.org/10.1016/j.bbcan.2020.188458
https://doi.org/10.1080/15592294.2023.2237761
https://www.ncbi.nlm.nih.gov/pubmed/37499114
https://doi.org/10.1038/s41597-022-01157-0
https://doi.org/10.7759/cureus.8195
https://doi.org/10.15586/codon.glioblastoma.2017.ch8
https://doi.org/10.1016/j.jpap.2023.100161
https://doi.org/10.1038/s41416-018-0258-8
https://doi.org/10.3390/cancers14102412
https://doi.org/10.3390/ijms232213915
https://doi.org/10.3389/fncel.2023.1327621
https://doi.org/10.3389/fonc.2021.770561
https://doi.org/10.1038/s41423-019-0341-y
https://doi.org/10.3389/fimmu.2018.01004
https://doi.org/10.1038/s41467-022-28523-1


Cancers 2024, 16, 1637 16 of 19

51. Andersen, J.K.; Miletic, H.; Hossain, J.A. Tumor-Associated Macrophages in Gliomas-Basic Insights and Treatment Opportunities.
Cancers 2022, 14, 1319. [CrossRef]

52. Akins, E.A.; Aghi, M.K.; Kumar, S. Incorporating tumor-associated macrophages into engineered models of glioma. iScience 2020,
23, 101770. [CrossRef]

53. Cole, A.P.; Hoffmeyer, E.; Chetty, S.L.; Cruz-Cruz, J.; Hamrick, F.; Youssef, O.; Cheshier, S.; Mitra, S.S. Microglia in the Brain
Tumor Microenvironment. Adv. Exp. Med. Biol. 2020, 1273, 197–208. [CrossRef] [PubMed]

54. Khan, F.; Pang, L.; Dunterman, M.; Lesniak, M.S.; Heimberger, A.B.; Chen, P. Macrophages and microglia in glioblastoma:
Heterogeneity, plasticity, and therapy. J. Clin. Investig. 2023, 133, e163446. [CrossRef]

55. Broekman, M.L.; Maas, S.L.N.; Abels, E.R.; Mempel, T.R.; Krichevsky, A.M.; Breakefield, X.O. Multidimensional communication
in the microenvirons of glioblastoma. Nat. Rev. Neurol. 2018, 14, 482–495. [CrossRef]

56. Xu, S.; Tang, L.; Li, X.; Fan, F.; Liu, Z. Immunotherapy for glioma: Current management and future application. Cancer Lett. 2020,
476, 1–12. [CrossRef]

57. Mieczkowski, J.; Kocyk, M.; Nauman, P.; Gabrusiewicz, K.; Sielska, M.; Przanowski, P.; Maleszewska, M.; Rajan, W.D.; Pszc-
zolkowska, D.; Tykocki, T.; et al. Down-regulation of IKKbeta expression in glioma-infiltrating microglia/macrophages is
associated with defective inflammatory/immune gene responses in glioblastoma. Oncotarget 2015, 6, 33077–33090. [CrossRef]

58. Qian, J.; Luo, F.; Yang, J.; Liu, J.; Liu, R.; Wang, L.; Wang, C.; Deng, Y.; Lu, Z.; Wang, Y.; et al. TLR2 Promotes Glioma Immune
Evasion by Downregulating MHC Class II Molecules in Microglia. Cancer Immunol. Res. 2018, 6, 1220–1233. [CrossRef]

59. Yang, M.; Oh, I.Y.; Mahanty, A.; Jin, W.L.; Yoo, J.S. Immunotherapy for Glioblastoma: Current State, Challenges, and Future
Perspectives. Cancers 2020, 12, 2334. [CrossRef]

60. Kohnke, T.; Krupka, C.; Tischer, J.; Knosel, T.; Subklewe, M. Increase of PD-L1 expressing B-precursor ALL cells in a patient
resistant to the CD19/CD3-bispecific T cell engager antibody blinatumomab. J. Hematol. Oncol. 2015, 8, 111. [CrossRef] [PubMed]

61. Yu, C.; Hsieh, K.; Cherry, D.R.; Nehlsen, A.D.; Resende Salgado, L.; Lazarev, S.; Sindhu, K.K. Immune Escape in Glioblastoma:
Mechanisms of Action and Implications for Immune Checkpoint Inhibitors and CAR T-Cell Therapy. Biology 2023, 12, 1528.
[CrossRef] [PubMed]

62. Razavi, S.M.; Lee, K.E.; Jin, B.E.; Aujla, P.S.; Gholamin, S.; Li, G. Immune Evasion Strategies of Glioblastoma. Front. Surg. 2016,
3, 11. [CrossRef] [PubMed]

63. Crane, C.A.; Ahn, B.J.; Han, S.J.; Parsa, A.T. Soluble factors secreted by glioblastoma cell lines facilitate recruitment, survival, and
expansion of regulatory T cells: Implications for immunotherapy. Neuro-oncoloncology 2012, 14, 584–595. [CrossRef]

64. Zhai, L.; Lauing, K.L.; Chang, A.L.; Dey, M.; Qian, J.; Cheng, Y.; Lesniak, M.S.; Wainwright, D.A. The role of IDO in brain tumor
immunotherapy. J. Neurooncol. 2015, 123, 395–403. [CrossRef] [PubMed]

65. Chekhonin, V.P.; Shein, S.A.; Korchagina, A.A.; Gurina, O.I. VEGF in tumor progression and targeted therapy. Curr. Cancer Drug
Targets 2013, 13, 423–443. [CrossRef]

66. Wesley, U.V.; Sutton, I.; Clark, P.A.; Cunningham, K.; Larrain, C.; Kuo, J.S.; Dempsey, R.J. Enhanced expression of pentraxin-3 in
glioblastoma cells correlates with increased invasion and IL8-VEGF signaling axis. Brain Res. 2022, 1776, 147752. [CrossRef]

67. Alghamri, M.S.; McClellan, B.L.; Hartlage, C.S.; Haase, S.; Faisal, S.M.; Thalla, R.; Dabaja, A.; Banerjee, K.; Carney, S.V.;
Mujeeb, A.A.; et al. Targeting Neuroinflammation in Brain Cancer: Uncovering Mechanisms, Pharmacological Targets, and
Neuropharmaceutical Developments. Front. Pharmacol. 2021, 12, 680021. [CrossRef]

68. Brown, C.E.; Badie, B.; Barish, M.E.; Weng, L.; Ostberg, J.R.; Chang, W.-C.; Naranjo, A.; Starr, R.; Wagner, J.; Wright, C. Bioactivity
and safety of IL13Rα2-redirected chimeric antigen receptor CD8+ T cells in patients with recurrent glioblastoma. Clin. Cancer Res.
2015, 21, 4062–4072. [CrossRef]

69. Huang, B.Y.; Zhan, Y.P.; Zong, W.J.; Yu, C.J.; Li, J.F.; Qu, Y.M.; Han, S. The PD-1/B7-H1 pathway modulates the natural killer cells
versus mouse glioma stem cells. PLoS ONE 2015, 10, e0134715. [CrossRef] [PubMed]

70. Liu, C.; Yang, M.; Zhang, D.; Chen, M.; Zhu, D. Clinical cancer immunotherapy: Current progress and prospects. Front. Immunol.
2022, 13, 961805. [CrossRef]

71. Wainwright, D.A.; Chang, A.L.; Dey, M.; Balyasnikova, I.V.; Kim, C.K.; Tobias, A.; Cheng, Y.; Kim, J.W.; Qiao, J.; Zhang, L.; et al.
Durable therapeutic efficacy utilizing combinatorial blockade against IDO, CTLA-4, and PD-L1 in mice with brain tumors. Clin.
Cancer Res. 2014, 20, 5290–5301. [CrossRef]

72. Bagley, S.J.; Desai, A.S.; Linette, G.P.; June, C.H.; O’Rourke, D.M. CAR T-cell therapy for glioblastoma: Recent clinical advances
and future challenges. Neuro-oncology 2018, 20, 1429–1438. [CrossRef]

73. Maggs, L.; Cattaneo, G.; Dal, A.E.; Moghaddam, A.S.; Ferrone, S. CAR T Cell-Based Immunotherapy for the Treatment of
Glioblastoma. Front. Neurosci. 2021, 15, 662064. [CrossRef]

74. Dai, H.; Wang, Y.; Lu, X.; Han, W. Chimeric Antigen Receptors Modified T-Cells for Cancer Therapy. J. Natl. Cancer Inst. 2016,
108, djv439. [CrossRef]

75. Srivastava, S.; Jackson, C.; Kim, T.; Choi, J.; Lim, M. A characterization of dendritic cells and their role in immunotherapy in
glioblastoma: From preclinical studies to clinical trials. Cancers 2019, 11, 537. [CrossRef]

76. Mailliard, R.B.; Wankowicz-Kalinska, A.; Cai, Q.; Wesa, A.; Hilkens, C.M.; Kapsenberg, M.L.; Kirkwood, J.M.; Storkus, W.J.;
Kalinski, P. Alpha-type-1 polarized dendritic cells: A novel immunization tool with optimized CTL-inducing activity. Cancer Res.
2004, 64, 5934–5937. [CrossRef]

https://doi.org/10.3390/cancers14051319
https://doi.org/10.1016/j.isci.2020.101770
https://doi.org/10.1007/978-3-030-49270-0_11
https://www.ncbi.nlm.nih.gov/pubmed/33119883
https://doi.org/10.1172/JCI163446
https://doi.org/10.1038/s41582-018-0025-8
https://doi.org/10.1016/j.canlet.2020.02.002
https://doi.org/10.18632/oncotarget.5310
https://doi.org/10.1158/2326-6066.CIR-18-0020
https://doi.org/10.3390/cancers12092334
https://doi.org/10.1186/s13045-015-0213-6
https://www.ncbi.nlm.nih.gov/pubmed/26449653
https://doi.org/10.3390/biology12121528
https://www.ncbi.nlm.nih.gov/pubmed/38132354
https://doi.org/10.3389/fsurg.2016.00011
https://www.ncbi.nlm.nih.gov/pubmed/26973839
https://doi.org/10.1093/neuonc/nos014
https://doi.org/10.1007/s11060-014-1687-8
https://www.ncbi.nlm.nih.gov/pubmed/25519303
https://doi.org/10.2174/15680096113139990074
https://doi.org/10.1016/j.brainres.2021.147752
https://doi.org/10.3389/fphar.2021.680021
https://doi.org/10.1158/1078-0432.CCR-15-0428
https://doi.org/10.1371/journal.pone.0134715
https://www.ncbi.nlm.nih.gov/pubmed/26266810
https://doi.org/10.3389/fimmu.2022.961805
https://doi.org/10.1158/1078-0432.CCR-14-0514
https://doi.org/10.1093/neuonc/noy032
https://doi.org/10.3389/fnins.2021.662064
https://doi.org/10.1093/jnci/djv439
https://doi.org/10.3390/cancers11040537
https://doi.org/10.1158/0008-5472.CAN-04-1261


Cancers 2024, 16, 1637 17 of 19

77. Negrini, S.; Gorgoulis, V.G.; Halazonetis, T.D. Genomic instability—An evolving hallmark of cancer. Nat. Rev. Mol. Cell Biol. 2010,
11, 220–228. [CrossRef]

78. Zhang, Y.; Zhang, Z. The history and advances in cancer immunotherapy: Understanding the characteristics of tumor-infiltrating
immune cells and their therapeutic implications. Cell. Mol. Immunol. 2020, 17, 807–821. [CrossRef]

79. Zuo, B.; Zhang, Y.; Zhao, K.; Wu, L.; Qi, H.; Yang, R.; Gao, X.; Geng, M.; Wu, Y.; Jing, R.; et al. Universal immunotherapeutic
strategy for hepatocellular carcinoma with exosome vaccines that engage adaptive and innate immune responses. J. Hematol.
Oncol. 2022, 15, 46. [CrossRef]

80. van Duijn, A.; Van der Burg, S.H.; Scheeren, F.A. CD47/SIRPalpha axis: Bridging innate and adaptive immunity. J. Immunother.
Cancer 2022, 10, e004589. [CrossRef]

81. Maiorino, L.; Dassler-Plenker, J.; Sun, L.; Egeblad, M. Innate Immunity and Cancer Pathophysiology. Annu. Rev. Pathol. 2022, 17,
425–457. [CrossRef]

82. van der Leun, A.M.; Thommen, D.S.; Schumacher, T.N. CD8(+) T cell states in human cancer: Insights from single-cell analysis.
Nat. Rev. Cancer 2020, 20, 218–232. [CrossRef]

83. Tsimberidou, A.M.; Fountzilas, E.; Nikanjam, M.; Kurzrock, R. Review of precision cancer medicine: Evolution of the treatment
paradigm. Cancer Treat. Rev. 2020, 86, 102019. [CrossRef]

84. Haffner, M.C.; Zwart, W.; Roudier, M.P.; True, L.D.; Nelson, W.G.; Epstein, J.I.; De Marzo, A.M.; Nelson, P.S.; Yegnasubramanian,
S. Genomic and phenotypic heterogeneity in prostate cancer. Nat. Rev. Urol. 2021, 18, 79–92. [CrossRef]

85. O’Donnell, J.S.; Teng, M.W.L.; Smyth, M.J. Cancer immunoediting and resistance to T cell-based immunotherapy. Nat. Rev. Clin.
Oncol. 2019, 16, 151–167. [CrossRef]

86. Peng, D.; Fu, M.; Wang, M.; Wei, Y.; Wei, X. Targeting TGF-beta signal transduction for fibrosis and cancer therapy. Mol. Cancer
2022, 21, 104. [CrossRef]

87. Yi, M.; Li, T.; Niu, M.; Wu, Y.; Zhao, Z.; Wu, K. TGF-beta: A novel predictor and target for anti-PD-1/PD-L1 therapy. Front.
Immunol. 2022, 13, 1061394. [CrossRef] [PubMed]

88. Shi, X.; Yang, J.; Deng, S.; Xu, H.; Wu, D.; Zeng, Q.; Wang, S.; Hu, T.; Wu, F.; Zhou, H. TGF-beta signaling in the tumor metabolic
microenvironment and targeted therapies. J. Hematol. Oncol. 2022, 15, 135. [CrossRef]

89. Yan, Y.; Huang, L.; Liu, Y.; Yi, M.; Chu, Q.; Jiao, D.; Wu, K. Metabolic profiles of regulatory T cells and their adaptations to the
tumor microenvironment: Implications for antitumor immunity. J. Hematol. Oncol. 2022, 15, 104. [CrossRef]

90. Wu, Y.; Yi, M.; Niu, M.; Mei, Q.; Wu, K. Myeloid-derived suppressor cells: An emerging target for anticancer immunotherapy.
Mol. Cancer 2022, 21, 184. [CrossRef]

91. Jia, Q.; Wang, A.; Yuan, Y.; Zhu, B.; Long, H. Heterogeneity of the tumor immune microenvironment and its clinical relevance.
Exp. Hematol. Oncol. 2022, 11, 24. [CrossRef]

92. Kaur, K.; Khatik, G.L. Cancer immunotherapy: An effective tool in cancer control and treatment. Curr. Cancer Ther. Rev. 2020, 16,
62–69.

93. Shi, T.; Wei, J. Combining oncolytic viruses with cancer immunotherapy: Establishing a new generation of cancer treatment.
Front. Immunol. 2020, 11, 515617. [CrossRef]

94. Adam, J.K.; Odhav, B.; Bhoola, K.D. Immune responses in cancer. Pharmacol. Ther. 2003, 99, 113–132. [CrossRef]
95. Mehren, M.v.; Adams, G.P.; Weiner, L.M. Monoclonal antibody therapy for cancer. Annu. Rev. Med. 2003, 54, 343–369. [CrossRef]
96. Lyon, J.G.; Mokarram, N.; Saxena, T.; Carroll, S.L.; Bellamkonda, R.V. Engineering challenges for brain tumor immunotherapy.

Adv. Drug Deliv. Rev. 2017, 114, 19–32. [CrossRef] [PubMed]
97. Sampson, J.H.; Gunn, M.D.; Fecci, P.E.; Ashley, D.M. Brain immunology and immunotherapy in brain tumours. Nat. Rev. Cancer

2020, 20, 12–25. [CrossRef]
98. Topalian, S.L.; Hodi, F.S.; Brahmer, J.R.; Gettinger, S.N.; Smith, D.C.; McDermott, D.F.; Powderly, J.D.; Carvajal, R.D.; Sosman, J.A.;

Atkins, M.B.; et al. Safety, activity, and immune correlates of anti-PD-1 antibody in cancer. N. Engl. J. Med. 2012, 366, 2443–2454.
[CrossRef]

99. Abbott, R.C.; Hughes-Parry, H.E.; Jenkins, M.R. To go or not to go? Biological logic gating engineered T cells. J. Immunother.
Cancer 2022, 10, e004185. [CrossRef]

100. Lemoine, J.; Ruella, M.; Houot, R. Born to survive: How cancer cells resist CAR T cell therapy. J. Hematol. Oncol. 2021, 14, 199.
[CrossRef]

101. Lingel, H.; Brunner-Weinzierl, M.C. CTLA-4 (CD152): A versatile receptor for immune-based therapy. Semin. Immunol. 2019,
42, 101298. [CrossRef]

102. Liu, Z.; Yu, X.; Xu, L.; Li, Y.; Zeng, C. Current insight into the regulation of PD-L1 in cancer. Exp. Hematol. Oncol. 2022, 11, 44.
[CrossRef]

103. Herbst, R.S.; Giaccone, G.; de Marinis, F.; Reinmuth, N.; Vergnenegre, A.; Barrios, C.H.; Morise, M.; Felip, E.; Andric, Z.; Geater,
S.; et al. Atezolizumab for First-Line Treatment of PD-L1-Selected Patients with NSCLC. N. Engl. J. Med. 2020, 383, 1328–1339.
[CrossRef] [PubMed]

104. Larkin, J.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, J.J.; Cowey, C.L.; Lao, C.D.; Schadendorf, D.; Dummer, R.; Smylie, M.; Rutkowski,
P.; et al. Combined Nivolumab and Ipilimumab or Monotherapy in Untreated Melanoma. N. Engl. J. Med. 2015, 373, 23–34.
[CrossRef]

https://doi.org/10.1038/nrm2858
https://doi.org/10.1038/s41423-020-0488-6
https://doi.org/10.1186/s13045-022-01266-8
https://doi.org/10.1136/jitc-2022-004589
https://doi.org/10.1146/annurev-pathmechdis-032221-115501
https://doi.org/10.1038/s41568-019-0235-4
https://doi.org/10.1016/j.ctrv.2020.102019
https://doi.org/10.1038/s41585-020-00400-w
https://doi.org/10.1038/s41571-018-0142-8
https://doi.org/10.1186/s12943-022-01569-x
https://doi.org/10.3389/fimmu.2022.1061394
https://www.ncbi.nlm.nih.gov/pubmed/36601124
https://doi.org/10.1186/s13045-022-01349-6
https://doi.org/10.1186/s13045-022-01322-3
https://doi.org/10.1186/s12943-022-01657-y
https://doi.org/10.1186/s40164-022-00277-y
https://doi.org/10.3389/fimmu.2020.00683
https://doi.org/10.1016/S0163-7258(03)00056-1
https://doi.org/10.1146/annurev.med.54.101601.152442
https://doi.org/10.1016/j.addr.2017.06.006
https://www.ncbi.nlm.nih.gov/pubmed/28625831
https://doi.org/10.1038/s41568-019-0224-7
https://doi.org/10.1056/NEJMoa1200690
https://doi.org/10.1136/jitc-2021-004185
https://doi.org/10.1186/s13045-021-01209-9
https://doi.org/10.1016/j.smim.2019.101298
https://doi.org/10.1186/s40164-022-00297-8
https://doi.org/10.1056/NEJMoa1917346
https://www.ncbi.nlm.nih.gov/pubmed/32997907
https://doi.org/10.1056/NEJMoa1504030


Cancers 2024, 16, 1637 18 of 19

105. Ardizzone, A.; Basilotta, R.; Filippone, A.; Crupi, L.; Lanza, M.; Lombardo, S.P.; Colarossi, C.; Sciacca, D.; Cuzzocrea, S.;
Esposito, E.; et al. Recent Emerging Immunological Treatments for Primary Brain Tumors: Focus on Chemokine-Targeting
Immunotherapies. Cells 2023, 12, 841. [CrossRef]

106. Gjoerup, O.; Brown, C.A.; Ross, J.S.; Huang, R.S.; Schrock, A.; Creeden, J.; Fabrizio, D.; Tolba, K. Identification and utilization of
biomarkers to predict response to immune checkpoint inhibitors. AAPS J. 2020, 22, 132. [CrossRef]

107. Haslam, A.; Prasad, V. Estimation of the Percentage of US Patients with Cancer Who Are Eligible for and Respond to Checkpoint
Inhibitor Immunotherapy Drugs. JAMA Netw. Open 2019, 2, e192535. [CrossRef]

108. Gajewski, T.F.; Schreiber, H.; Fu, Y.X. Innate and adaptive immune cells in the tumor microenvironment. Nat. Immunol. 2013, 14,
1014–1022. [CrossRef]

109. Keskin, D.B.; Anandappa, A.J.; Sun, J.; Tirosh, I.; Mathewson, N.D.; Li, S.; Oliveira, G.; Giobbie-Hurder, A.; Felt, K.; Gjini, E.; et al.
Neoantigen vaccine generates intratumoral T cell responses in phase Ib glioblastoma trial. Nature 2019, 565, 234–239. [CrossRef]
[PubMed]

110. Quail, D.F.; Joyce, J.A. The Microenvironmental Landscape of Brain Tumors. Cancer Cell 2017, 31, 326–341. [CrossRef]
111. Perng, P.; Lim, M. Immunosuppressive Mechanisms of Malignant Gliomas: Parallels at Non-CNS Sites. Front. Oncol. 2015, 5, 153.

[CrossRef]
112. Gong, D.; Shi, W.; Yi, S.J.; Chen, H.; Groffen, J.; Heisterkamp, N. TGFbeta signaling plays a critical role in promoting alternative

macrophage activation. BMC Immunol. 2012, 13, 31. [CrossRef] [PubMed]
113. Wainwright, D.A.; Balyasnikova, I.V.; Chang, A.L.; Ahmed, A.U.; Moon, K.S.; Auffinger, B.; Tobias, A.L.; Han, Y.; Lesniak, M.S.

IDO expression in brain tumors increases the recruitment of regulatory T cells and negatively impacts survival. Clin. Cancer Res.
2012, 18, 6110–6121. [CrossRef] [PubMed]

114. Zhang, I.; Alizadeh, D.; Liang, J.; Zhang, L.; Gao, H.; Song, Y.; Ren, H.; Ouyang, M.; Wu, X.; D’Apuzzo, M.; et al. Characterization
of Arginase Expression in Glioma-Associated Microglia and Macrophages. PLoS ONE 2016, 11, e0165118. [CrossRef]

115. Kamran, N.; Calinescu, A.; Candolfi, M.; Chandran, M.; Mineharu, Y.; Asad, A.S.; Koschmann, C.; Nunez, F.J.; Lowenstein,
P.R.; Castro, M.G. Recent advances and future of immunotherapy for glioblastoma. Expert Opin. Biol. Ther. 2016, 16, 1245–1264.
[CrossRef] [PubMed]

116. Mende, A.L.; Schulte, J.D.; Okada, H.; Clarke, J.L. Current Advances in Immunotherapy for Glioblastoma. Curr. Oncol. Rep. 2021,
23, 21. [CrossRef]

117. Bausart, M.; Preat, V.; Malfanti, A. Immunotherapy for glioblastoma: The promise of combination strategies. J. Exp. Clin. Cancer
Res. 2022, 41, 35. [CrossRef]

118. Huang, B.; Li, X.; Li, Y.; Zhang, J.; Zong, Z.; Zhang, H. Current Immunotherapies for Glioblastoma Multiforme. Front. Immunol.
2020, 11, 603911. [CrossRef] [PubMed]

119. Gedeon, P.C.; Champion, C.D.; Rhodin, K.E.; Woroniecka, K.; Kemeny, H.R.; Bramall, A.N.; Bernstock, J.D.; Choi, B.D.; Sampson,
J.H. Checkpoint inhibitor immunotherapy for glioblastoma: Current progress, challenges and future outlook. Expert Rev. Clin.
Pharmacol. 2020, 13, 1147–1158. [CrossRef] [PubMed]

120. Reardon, D.A.; Brandes, A.A.; Omuro, A.; Mulholland, P.; Lim, M.; Wick, A.; Baehring, J.; Ahluwalia, M.S.; Roth, P.; Bahr, O.; et al.
Effect of Nivolumab vs. Bevacizumab in Patients with Recurrent Glioblastoma: The CheckMate 143 Phase 3 Randomized Clinical
Trial. JAMA Oncol. 2020, 6, 1003–1010. [CrossRef]

121. Cloughesy, T.F.; Mochizuki, A.Y.; Orpilla, J.R.; Hugo, W.; Lee, A.H.; Davidson, T.B.; Wang, A.C.; Ellingson, B.M.; Rytlewski, J.A.;
Sanders, C.M.; et al. Neoadjuvant anti-PD-1 immunotherapy promotes a survival benefit with intratumoral and systemic immune
responses in recurrent glioblastoma. Nat. Med. 2019, 25, 477–486. [CrossRef]

122. Capra, A.P.; Ardizzone, A.; Panto, G.; Paterniti, I.; Campolo, M.; Crupi, L.; Squeri, R.; Esposito, E. The Prognostic Value of
Pentraxin-3 in COVID-19 Patients: A Systematic Review and Meta-Analysis of Mortality Incidence. Int. J. Mol. Sci. 2023, 24, 3537.
[CrossRef]

123. Doni, A.; Mantovani, A.; Bottazzi, B.; Russo, R.C. PTX3 regulation of inflammation, hemostatic response, tissue repair, and
resolution of fibrosis favors a role in limiting idiopathic pulmonary fibrosis. Front. Immunol. 2021, 12, 676702. [CrossRef]

124. Daigo, K.; Mantovani, A.; Bottazzi, B. The yin-yang of long pentraxin PTX3 in inflammation and immunity. Immunol. Lett. 2014,
161, 38–43. [CrossRef]

125. Magrini, E.; Mantovani, A.; Garlanda, C. The dual complexity of PTX3 in health and disease: A balancing act? Trends Mol. Med.
2016, 22, 497–510. [CrossRef] [PubMed]

126. Garlanda, C.; Bottazzi, B.; Magrini, E.; Inforzato, A.; Mantovani, A. PTX3, a humoral pattern recognition molecule, in innate
immunity, tissue repair, and cancer. Physiol. Rev. 2018, 98, 623–639. [CrossRef]

127. Porte, R.; Davoudian, S.; Parente, R.; Mantovani, A.; Garlanda, C.; Bottazzi, B. The long pentraxin PTX3 as a humoral innate
immunity functional player and biomarker of infections and sepsis. Front. Immunol. 2019, 10, 445874. [CrossRef] [PubMed]

128. Pepys, M. The pentraxins 1975–2018: Serendipity, diagnostics and drugs. Front. Immunol. 2018, 9, 422781. [CrossRef] [PubMed]
129. Jaillon, S.; Bonavita, E.; Gentile, S.; Rubino, M.; Laface, I.; Garlanda, C.; Mantovani, A. The long pentraxin PTX3 as a key

component of humoral innate immunity and a candidate diagnostic for inflammatory diseases. Int. Arch. Allergy Immunol. 2015,
165, 165–178. [CrossRef]

130. Garlanda, C.; Bottazzi, B.; Bastone, A.; Mantovani, A. Pentraxins at the crossroads between innate immunity, inflammation,
matrix deposition, and female fertility. Annu. Rev. Immunol. 2005, 23, 337–366. [CrossRef]

https://doi.org/10.3390/cells12060841
https://doi.org/10.1208/s12248-020-00514-4
https://doi.org/10.1001/jamanetworkopen.2019.2535
https://doi.org/10.1038/ni.2703
https://doi.org/10.1038/s41586-018-0792-9
https://www.ncbi.nlm.nih.gov/pubmed/30568305
https://doi.org/10.1016/j.ccell.2017.02.009
https://doi.org/10.3389/fonc.2015.00153
https://doi.org/10.1186/1471-2172-13-31
https://www.ncbi.nlm.nih.gov/pubmed/22703233
https://doi.org/10.1158/1078-0432.CCR-12-2130
https://www.ncbi.nlm.nih.gov/pubmed/22932670
https://doi.org/10.1371/journal.pone.0165118
https://doi.org/10.1080/14712598.2016.1212012
https://www.ncbi.nlm.nih.gov/pubmed/27411023
https://doi.org/10.1007/s11912-020-01007-5
https://doi.org/10.1186/s13046-022-02251-2
https://doi.org/10.3389/fimmu.2020.603911
https://www.ncbi.nlm.nih.gov/pubmed/33767690
https://doi.org/10.1080/17512433.2020.1817737
https://www.ncbi.nlm.nih.gov/pubmed/32862726
https://doi.org/10.1001/jamaoncol.2020.1024
https://doi.org/10.1038/s41591-018-0337-7
https://doi.org/10.3390/ijms24043537
https://doi.org/10.3389/fimmu.2021.676702
https://doi.org/10.1016/j.imlet.2014.04.012
https://doi.org/10.1016/j.molmed.2016.04.007
https://www.ncbi.nlm.nih.gov/pubmed/27179743
https://doi.org/10.1152/physrev.00016.2017
https://doi.org/10.3389/fimmu.2019.00794
https://www.ncbi.nlm.nih.gov/pubmed/31031772
https://doi.org/10.3389/fimmu.2018.02382
https://www.ncbi.nlm.nih.gov/pubmed/30459761
https://doi.org/10.1159/000368778
https://doi.org/10.1146/annurev.immunol.23.021704.115756


Cancers 2024, 16, 1637 19 of 19

131. Doni, A.; Stravalaci, M.; Inforzato, A.; Magrini, E.; Mantovani, A.; Garlanda, C.; Bottazzi, B. The long pentraxin PTX3 as a link
between innate immunity, tissue remodeling, and cancer. Front. Immunol. 2019, 10, 447439. [CrossRef]

132. Ma, Y.J.; Garred, P. Pentraxins in complement activation and regulation. Front. Immunol. 2018, 9, 430135. [CrossRef] [PubMed]
133. Caironi, P.; Masson, S.; Mauri, T.; Bottazzi, B.; Leone, R.; Magnoli, M.; Barlera, S.; Mamprin, F.; Fedele, A.; Mantovani, A. Pentraxin

3 in patients with severe sepsis or shock: The ALBIOS trial. Eur. J. Clin. Investig. 2017, 47, 73–83. [CrossRef]
134. Jenny, N.S.; Arnold, A.M.; Kuller, L.H.; Tracy, R.P.; Psaty, B.M. Associations of pentraxin 3 with cardiovascular disease and

all-cause death: The Cardiovascular Health Study. Arterioscler. Thromb. Vasc. Biol. 2009, 29, 594–599. [CrossRef]
135. Ramirez, G.A.; Rovere-Querini, P.; Blasi, M.; Sartorelli, S.; Baldini, M.; Bozzolo, E.P.; Mantovani, A.; Manfredi, A.A.; Tombetti, E.

PTX3 intercepts vascular inflammation in systemic immune-mediated diseases. Front. Immunol. 2019, 10, 452745.
136. Li, Y.; Song, X.; Niu, J.; Ren, M.; Tang, G.; Sun, Z.; Kong, F. Pentraxin 3 acts as a functional effector of Akt/NF-kappaB signaling

to modulate the progression and cisplatin-resistance in non-small cell lung cancer. Arch. Biochem. Biophys. 2021, 701, 108818.
[CrossRef]

137. Diamandis, E.P.; Goodglick, L.; Planque, C.; Thornquist, M.D. Pentraxin-3 is a novel biomarker of lung carcinoma. Clin. Cancer
Res. 2011, 17, 2395–2399. [CrossRef]

138. Hu, T.; Qiao, L.; Li, H.; Ren, H.; Ning, Q.; Zhou, H.; Chen, X.; Sun, Z.; Shen, L. Pentraxin 3 (PTX-3) Levels in Bronchoalveolar
Lavage Fluid as a Lung Cancer Biomarker. Dis. Markers 2020, 2020, 4652483. [CrossRef]

139. Infante, M.; Allavena, P.; Garlanda, C.; Nebuloni, M.; Morenghi, E.; Rahal, D.; Roncalli, M.; Cavuto, S.; Pesce, S.; Monari, M.; et al.
Prognostic and diagnostic potential of local and circulating levels of pentraxin 3 in lung cancer patients. Int. J. Cancer 2016, 138,
983–991. [CrossRef] [PubMed]

140. Cheng, S.; Liu, L.; Wang, D.; Li, Y.; Li, S.; Yuan, J.; Huang, S.; Xu, Z.; Jia, B.; Li, Z.; et al. Upregulation of the ZNF148/PTX3 axis
promotes malignant transformation of dendritic cells in glioma stem-like cells microenvironment. CNS Neurosci. Ther. 2023, 29,
2690–2704. [CrossRef]

141. Wang, Z.; Wang, X.; Zhang, N.; Zhang, H.; Dai, Z.; Zhang, M.; Feng, S.; Cheng, Q. Pentraxin 3 Promotes Glioblastoma Progression
by Negative Regulating Cells Autophagy. Front. Cell Dev. Biol. 2020, 8, 795. [CrossRef]

142. Tafani, M.; Di Vito, M.; Frati, A.; Pellegrini, L.; De Santis, E.; Sette, G.; Eramo, A.; Sale, P.; Mari, E.; Santoro, A.; et al. Pro-
inflammatory gene expression in solid glioblastoma microenvironment and in hypoxic stem cells from human glioblastoma. J.
Neuroinflamm. 2011, 8, 32. [CrossRef] [PubMed]

143. Stallone, G.; Cormio, L.; Netti, G.S.; Infante, B.; Selvaggio, O.; Fino, G.D.; Ranieri, E.; Bruno, F.; Prattichizzo, C.; Sanguedolce, F.;
et al. Pentraxin 3: A novel biomarker for predicting progression from prostatic inflammation to prostate cancer. Cancer Res. 2014,
74, 4230–4238. [CrossRef] [PubMed]

144. Willeke, F.; Assad, A.; Findeisen, P.; Schromm, E.; Grobholz, R.; von Gerstenbergk, B.; Mantovani, A.; Peri, S.; Friess, H.H.; Post,
S.; et al. Overexpression of a member of the pentraxin family (PTX3) in human soft tissue liposarcoma. Eur. J. Cancer 2006, 42,
2639–2646. [CrossRef] [PubMed]

145. Kondo, S.; Ueno, H.; Hosoi, H.; Hashimoto, J.; Morizane, C.; Koizumi, F.; Tamura, K.; Okusaka, T. Clinical impact of pentraxin
family expression on prognosis of pancreatic carcinoma. Br. J. Cancer 2013, 109, 739–746. [CrossRef] [PubMed]

146. Liu, Q.; Wang, X.Y.; Qin, Y.Y.; Yan, X.L.; Chen, H.M.; Huang, Q.D.; Chen, J.K.; Zheng, J.M. SPOCD1 promotes the proliferation
and metastasis of glioma cells by up-regulating PTX3. Am. J. Cancer Res. 2018, 8, 624–635.

147. Di Caro, G.; Carvello, M.; Pesce, S.; Erreni, M.; Marchesi, F.; Todoric, J.; Sacchi, M.; Montorsi, M.; Allavena, P.; Spinelli, A.
Circulating Inflammatory Mediators as Potential Prognostic Markers of Human Colorectal Cancer. PLoS ONE 2016, 11, e0148186.
[CrossRef] [PubMed]

148. Bedini, N.; Cicchetti, A.; Palorini, F.; Magnani, T.; Zuco, V.; Pennati, M.; Campi, E.; Allavena, P.; Pesce, S.; Villa, S.; et al. Evaluation
of Mediators Associated with the Inflammatory Response in Prostate Cancer Patients Undergoing Radiotherapy. Dis. Markers
2018, 2018, 9128128. [CrossRef] [PubMed]

149. Kocher, H.M.; Basu, B.; Froeling, F.E.; Sarker, D.; Slater, S.; Carlin, D.; deSouza, N.M.; De Paepe, K.N.; Goulart, M.R.; Hughes, C.
Phase I clinical trial repurposing all-trans retinoic acid as a stromal targeting agent for pancreatic cancer. Nat. Commun. 2020,
11, 4841. [CrossRef] [PubMed]

150. Ahmed, M.H.; Canney, M.; Carpentier, A.; Idbaih, A. Overcoming the blood brain barrier in glioblastoma: Status and future
perspective. Rev. Neurol. 2023, 179, 430–436. [CrossRef]

151. Anthony, P.; McArdle, S.; McHugh, M. Tumor Treating Fields: Adjuvant Treatment for High-grade Gliomas. Semin. Oncol. Nurs.
2018, 34, 454–464. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fimmu.2019.00712
https://doi.org/10.3389/fimmu.2018.03046
https://www.ncbi.nlm.nih.gov/pubmed/30619374
https://doi.org/10.1111/eci.12704
https://doi.org/10.1161/ATVBAHA.108.178947
https://doi.org/10.1016/j.abb.2021.108818
https://doi.org/10.1158/1078-0432.CCR-10-3024
https://doi.org/10.1155/2020/4652483
https://doi.org/10.1002/ijc.29822
https://www.ncbi.nlm.nih.gov/pubmed/26348770
https://doi.org/10.1111/cns.14213
https://doi.org/10.3389/fcell.2020.00795
https://doi.org/10.1186/1742-2094-8-32
https://www.ncbi.nlm.nih.gov/pubmed/21489226
https://doi.org/10.1158/0008-5472.CAN-14-0369
https://www.ncbi.nlm.nih.gov/pubmed/24950910
https://doi.org/10.1016/j.ejca.2006.05.035
https://www.ncbi.nlm.nih.gov/pubmed/16959485
https://doi.org/10.1038/bjc.2013.348
https://www.ncbi.nlm.nih.gov/pubmed/23828517
https://doi.org/10.1371/journal.pone.0148186
https://www.ncbi.nlm.nih.gov/pubmed/26859579
https://doi.org/10.1155/2018/9128128
https://www.ncbi.nlm.nih.gov/pubmed/29682101
https://doi.org/10.1038/s41467-020-18636-w
https://www.ncbi.nlm.nih.gov/pubmed/32973176
https://doi.org/10.1016/j.neurol.2023.03.013
https://doi.org/10.1016/j.soncn.2018.10.007

	Introduction 
	Primary Brain Tumors Background: Focus on Glioblastoma 
	Function of Innate Immunity in Cancer and Related Therapeutic Strategies 
	Pentraxin 3 
	Influence of Pentraxin 3 in GB 
	Current Clinical Application of PTX3 Targeting Drugs and Future Perspectives 
	Conclusions 
	References

