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Abstract: Immune checkpoint inhibitor (ICI) therapy has revolutionized the treatment of cancer,
in particular lung cancer, while the introduction of predictive biomarkers from liquid biopsies has
emerged as a promising tool to achieve an effective and personalized therapy response. Important
progress has also been made in the molecular characterization of extracellular vesicles (EVs) and
circulating tumor cells (CTCs), highlighting their tremendous potential in modulating the tumor
microenvironment, acting on immunomodulatory pathways, and setting up the pre-metastatic niche.
Surface antigens on EVs and CTCs have proved to be particularly useful in the case of the characteriza-
tion of potential immune escape mechanisms through the expression of immunosuppressive ligands
or the transport of cargos that may mitigate the antitumor immune function. On the other hand,
novel approaches, to increase the expression of immunostimulatory molecules or cargo contents
that can enhance the immune response, offer premium options in combinatorial clinical strategies
for precision immunotherapy. In this review, we discuss recent advances in the identification of
immune checkpoints using EVs and CTCs, their potential applications as predictive biomarkers for
ICI therapy, and their prospective use as innovative clinical tools, considering that CTCs have already
been approved by the Food and Drug Administration (FDA) for clinical use, but providing good
reasons to intensify the research on both.

Keywords: circulating tumor cells; extracellular vesicles; immunotherapy; immune checkpoint
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1. Introduction

The advent of immunotherapy in cancer treatment, which aims at improving natural
defenses against malignant cells, has revolutionized oncology research, bringing new hope
to cancer patients [1]. While several approaches are encompassed in immunotherapy,
including cancer vaccines, cytokine therapies, and oncolytic virus therapies, the admin-
istration of immune checkpoint inhibitors (ICIs) is now entering clinical practice as one
of the most important immune therapies, alone or in combination with radiotherapy and
chemotherapy [2,3].

Immune checkpoints exist in a variety of molecules expressed by immune and tumor
cells, with a role in acquired immune response inhibition or activation, such as cytotoxic
T lymphocyte-associated molecule 4 (CTLA-4), programmed cell death ligand 1 (PD-L1),
and programmed cell death receptor 1 (PD-1) [4]. In normal conditions, immune check-
points engage with other partner proteins to inhibit T cell functions, while blocking their
binding through ICI administration ideally results in tumor control and clearance by im-
proving the tumor cells” immunogenicity and sensitivity to cell killing (2). Different cancer
types, including melanoma, non-small-cell lung cancer, renal cell carcinoma, and breast
cancer [5-9], have demonstrated sustained clinical response rates. However, only a small
fraction of cancer patients actually benefits from ICI therapy, and the underlying mecha-
nisms are still far from being fully elucidated [10]. Thus, the need for reliable biomarkers
that are able to enhance patient stratification has become imperative.
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In recent years, the characterization of analytes retrievable in the liquid compartments
of the human body, the so-called “liquid biopsy”, has emerged as a promising, minimally
invasive tool for screening, early diagnosis, minimal residual disease (MRD) assessment,
therapy resistance monitoring, and also as a biomarker surrogate [2]. In this context, periph-
eral blood-derived extracellular vesicles (EVs) and circulating tumor cells (CTCs) are among
the most researched due to their pivotal role in both the tumor-resident and circulating mi-
croenvironment, and pre-metastatic niche modulation [11]. Moreover, EVs and CTCs have
the ability to modulate the immune response, by directly and indirectly communicating
with blood cells, among which are those ascribable to the immune system [12,13].

In this review, we will outline the involvement of EVs and CTCs in the immune re-
sponse and tumor microenvironment (TME) modulation, focusing on their communication
with immune cells, which represent the cellular underpinnings of immunotherapy. From a
translational perspective, we will report the most recent findings concerning their role as
predictive biomarker surrogates in different cancer types, as well as future applications.

2. Immune Checkpoint Inhibitors

The most important role of the immune system relies on the recognition of “foreign”
cells from self-cells. In this context, “checkpoints” are exploited by the immune system
to selectively target foreign cells. Immune cells that express immune checkpoints must
be activated or inhibited to start an immune response. ICIs are drugs that work in this
way [14]. They are usually formulated as antibodies, whose working principle relies on
blocking the checkpoint-related proteins expressed by T cells and by some types of cancer
cells. More specifically, they do not exert a growth-inhibitory effect against tumor cells, but
they empower the previously established immune response [15]. Over the past few years,
lots of inhibitory immunoreceptors have been discovered and investigated, such as PD-1,
CTLA-4, LAG3, TIM3, TIGIT, and BTLA. Antibodies targeting immune inhibitory receptors,
such as CTLA-4, PD-1, and PD-L1, have been the most widely used immunotherapeutic
agents in the last decade [16].

2.1. PD-1 Inhibitors

The PD-1 checkpoint is expressed on the surface of several activated immune cells, in-
cluding macrophages, dendritic cells (DCs), Langerhans cells, B cells, and T cells, and plays
a fundamental role in the regulation of T cell-mediated responses through programmed
death signaling [17]. Antibodies targeting the PD-1 pathway have revolutionized the treat-
ment management of different cancers, such as Merkel cell carcinoma (MCC), melanoma,
head and neck squamous cell carcinoma (HNSCC), and non-small-cell lung cancer [18].

PD-1 is a receptor localized on the surface of T cells, and its natural ligands are PD-L1
and PD-L2 expressed by tumor cells. PD-1 and its ligands have been shown to play a key
role in helping tumors resist immunity-induced apoptosis, resulting in tumor progression,
and their binding activates downstream signaling pathways leading to the inhibition of
T cell activation [19,20]. More specifically, after the presentation of tumor antigens by the
major histocompatibility complex (MHC) class I, CD8+ T cells release interferon (IFN)-vy,
which binds to its receptor on cancer cells. This event elicits the expression of PD-L1 via the
IRF1 transcription factor in cancer cells, which in turn binds to PD-1 on the T cell surface,
finally culminating in T cell inhibition. Anti-PD-1 antibodies, such as Nivolumab and
Pembrolizumab, selectively target the interaction between PD-1 receptors on CD8+ T cells
and its ligands PD-L1/PD-L2 expressed by cancer cells, resulting in the abolishment of the
inhibition of the CD8+ T cells and the restoration of antitumor activity [19,20].

The fully human Immunoglobulin G4 (igG4) monoclonal antibody (mAb) Nivolumab
(BMS-936558, ONO-4538, or MDX1106, trade name Opdivo; Bristol-Myers Squibb, Prince-
ton, NJ, USA) has been approved by the Food and Drug Administration (FDA) for the
treatment of different tumor types, such as melanoma, renal cancer, and squamous and
non-squamous non-small-cell lung carcinoma (NSCLC) [21].
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Another IgG4 mAD that acts by disrupting the PD-1/PD-L1 axis is Pembrolizumab
(Keytruda, Merck, Rahway, NJ, USA), which has been approved by the FDA for the
treatment of several malignancies [22]. Moreover, Pembrolizumab was recently approved
by the FDA as the first tissue-agnostic/site-agnostic drug for the treatment of patients with
mismatch repair deficient/metastatic microsatellite instability—high (AMMR/MSIH) [23].

Lastly, the fully humanized IgG4 mAb Cemiplimab (Libtayo®, Regeneron Pharma-
ceuticals Inc. Westchester County, NY, USA; Sanofi, Paris, France) blocks the interaction of
PD-1 with PD-L1/PD-L2 and has been approved by the FDA for the treatment of patients
diagnosed with metastatic or locally advanced cutaneous squamous cell carcinoma who
are considered ineligible for curative surgery or radiotherapy [24].

2.2. PD-L1 Inhibitors

PD-L1 and PD-L2 are the two ligands for the PD-1 receptor [25]. As reported above,
their binding results in tumor progression due to T cell inhibition. It has been shown that
PD-L1 can be expressed on the surface of both tumor and immune cells, and the detection of
its expression is a powerful biomarker to predict the response to anti-PD-1/PD-L1 therapies
in patients with different malignancies [26].

Currently, three PD-L1 inhibitors, Atezolimumab, Durvalumab, and Avelumab, have
been approved by the FDA for the treatment of some solid tumors, including NSCLC,
HNSCC, melanoma, and MCC.

The mechanism of action of these antibodies relies on blocking the interaction of PD-L1
with PD-1 and CD80. However, the fragment crystallizable (Fc) region of Atezolizumab
and Durvalumab is modified in order to eliminate antibody-dependent cellular cytotoxicity,
thus preventing the depletion of T cells expressing PD-L1 [27]. Instead, Avelumab holds the
native Fc region, which can engage the Fc-y receptors expressed on natural killer (NK) cells,
inducing antibody-dependent cellular cytotoxicity [27]. The FDA approved Atezolizumab
for the treatment of patients diagnosed with localized and metastatic urothelial carcinoma
due to the results obtained from a phase II clinical trial, which showed overall response
rates of 10% in patients whose disease had progressed after platinum-based chemotherapy
treatment [28]. On the basis of these results, a series of studies have been carried out to
evaluate the antitumor efficacy of anti-PD-L1 antibodies in combination with different
chemotherapeutic regimens. For the treatment of other malignancies, currently, the FDA
has approved the use of Atezolizumab in combination with chemotherapy for the treatment
of squamous and non-squamous NSCLC, small-cell lung cancer, and PD-L1-positive triple-
negative breast cancer [7,29-31].

For patients diagnosed with urothelial carcinoma, the FDA has also approved the use
of Durvalumab and Avelumab [32-34]. Moreover, Avelumab can also be administered to
patients with Merkel cell carcinoma [35]. Several clinical trials are ongoing to evaluate
the efficacy of anti-PD-L1 antibodies in combination with other immunotherapies and
chemotherapies.

2.3. CTLA-4 Inhibitors

CTLA-4 acts as a co-inhibitory receptor. It is expressed primarily by T cells, with
constitutive expression on regulatory T cells (Tregs). After the recognition of specific
antigens, intracellular CTLA-4 is translocated to the cell surface, where it competes with
CD28 to interact with B7 molecules on antigen-presenting cells (APCs), exhibiting a higher
affinity. This interaction induces negative signals to T cells, and drives to attenuation of T
cell proliferation, activation, and overall function [36,37].

In syngeneic mouse models, it has been shown that treatment with anti-CTLA-4
antibodies can induce a significant and long-term regression of established tumors [38].

The human IgG1 mAD Ipilimumab (Yervoy) was developed to block the function
of CTLA-4. In 2011, it was first approved for the treatment of melanoma [39], and later
for the treatment of advanced renal cell carcinoma, MSI-H/dMMR metastatic colorectal
cancer, malignant pleural mesothelioma, NSCLC, and hepatocarcinoma, in combination
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with Opdivo (Nivolumab) [40]. In 2020, the FDA declared that patients with unresectable
malignant pleural mesothelioma (MPM), and NSCLC (with tumor PD-L1 expression > 1%
and without EGFR/ALK alterations) can benefit from treatment with Opdivo (Nivolumab)
plus Yervoy (Ipilimumab) as a first-line treatment [41].

The development of anti-CTLA-4 IClIs is challenging because it has been demonstrated
that monotherapy is less effective with respect to PD-1/PD-L1 inhibitors, with higher rates
of serious immune-related adverse events. These differences may arise from the specific
roles played by CTLA-4 and PD-1/PD-L1 checkpoints in the immune system, such as the
response to cancer cells [42].

In the last few years, a growing body of research has identified a number of novel
immune checkpoint targets, such as NKG2A ligands, TIGIT, B7-H6 ligands, galectin 3,
TIM3, and others. Several studies are ongoing to clarify their potential role in the clinic [43].

3. EVs
3.1. Biology and Genesis of Extracellular Vesicles

The term extracellular vesicle is used globally to identify a family of nanoparticles
made up of a lipid bilayer, which are heterogeneous in regard to their content, surface
composition, and size, and are released by most cells [44]. The definition, therefore, includes
all vesicles with a diameter between 40 nm and 5 pm, which are divided mainly related
to their size or different modes of biosynthesis into apoptotic bodies, microvesicles and
exosomes [45]. Initially, it was thought that the only function of these vesicles was to collect
and direct the waste materials no longer desired by the cells towards the lysosomes; then,
only in 2006, with the discovery of their contents, did they acquire interest as fundamental
mediators of cell-cell communication, which is involved in both physiological and in
harsher conditions, such as those representing the tumor microenvironment [46]. Currently,
the analysis of EVs relies on the guidelines provided by the International Society for
Extracellular Vesicles (ISEV). These guidelines, released in 2014 and updated in 2018,
provide a series of standards that should be adopted by researchers to support their
findings concerning EVs functional analysis and cargo profiling [47,48].

The two major groups of EVs that are most studied are exosomes and microvesi-
cles [49]. Extracellular vesicles are recognized as an important short- and long-distance
communication system, since they are able to transport specific sets of biomolecules, whose
interaction with target cells can lead to variations in the latter’s activity, migration, prolifer-
ation, and survival [50]. The modulation of the physiology of the target cell by EVs can also
be achieved thanks to the transfer of membrane proteins or lipids from the vesicle to the
cell as a result of the fusion of the vesicle itself with the plasma membrane of the target cell.
Alternatively, the release of the vesicle cargo into the cytosol of the target cell can occur
following the uptake of the vesicle via endocytosis. That mechanism, in particular, appears
to be the most frequent one in the interaction between vesicles and target cells; although
the release of the contents of the vesicles through this route can lead to their degradation
via the endosomal pathway [51].

More recently it has been demonstrated that EVs can convey not only proteins or lipids,
but also microRNAs (miRNAs), pre-miRNAs, other non-coding RNAs, and mRNA [52],
which are then translated in the target cell with consequent activation or inhibition of
certain cellular processes, depending on the information transferred [53]. It is known that
the miRNA-200 family can influence cancer biology in the context of pancreatic adenocarci-
noma [54].

Nowadays, extracellular vesicles, along with CTCs and circulating tumor DNA
(ctDNA), have become the focus of liquid biopsies, as biomarkers that can yield new
viewpoints in the area of cancer diagnosis, prognosis, and treatment [55]. Among all the
markers that can be found within a blood sample, the most used biological fluid, exosomes
are the most abundant class of extracellular vesicles and have so far aroused the greatest in-
terest in the biomedical field [56]. This category seems to show greater advantages in terms
of composition and stability, thanks to which they have gained a strong predictive value.
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Indeed, the probability of isolating exosomes from the biological fluid under examination
is much higher than that of obtaining circulating tumor cells or circulating tumor DNA,
since their quantity in circulation is disproportionately higher. Furthermore, exosomes
are more stable thanks to their organization in a lipid bilayer. This biological stability is
also reflected in long-term conservation [57]. Another important aspect concerns their
contents, as they can contain different types of molecules that recall the parental cells from
which they originated. In this way they appear to be much more representative of ctDNA,
which, instead, provides the information belonging to apoptotic cells [58]. Exosomes were
first identified in the collected medium from reticulocyte cell cultures as microvesicles
containing membrane proteins, including the transferrin receptor [59]. Subsequently, a
plethora of cell types capable of releasing exosomes into the extracellular environment
have been described, namely hematopoietic cells (B cells, T cells, dendritic cells, mast
cells, and platelets), intestinal epithelial cells, Schwann cells, neuronal cells, adipocytes,
and fibroblasts (NIH3T3), as well as tumor cells, have all been observed as cells secreting
internal vesicles [60]. Exosomes have also been described by Trams and colleagues, who
showed how cultures of various normal and cancerous cell lines produced vesicles with a
5’-nucleotidase activity, which reflected the ectoenzymatic activity of the parent monolayer
culture. In vesicles with an enlarged size, a second population of vesicles of about 40 nm in
diameter were found and were called exosomes. The work of Trams and colleagues was
then followed by that of Harding and Stahl, who described the release of small vesicles and
tubules from rat reticulocytes, and a microscopic study describing the exocytosis of bodies
of approximately 50 nm [61].

Microvesicle biogenesis is a much less explored mechanism than that paving the
way to the formation of exosomes. This type of vesicle appears to be formed by outward
budding and fission of the plasma membrane. A combination of factors leads to the
formation of MVs, such as the redistribution of phospholipids, including the relocation of
phosphatidylserine on the outer leaflet and the contraction of actin-myosin machinery.

Microvesicles have different release mechanisms, which depend on their content.
Some of these mechanisms are also common to a class of retroviruses [62], which is why
some EVs released by tumor cells are retrovirus-like particles.

Conversely, exosomes derive from the intracellular endosomal compartment. The
activation of cell-specific receptors and signaling pathways that initiate exosome synthesis
are tightly regulated.

Exosomal vesicles are initially formed through a process that involves budding to-
wards the inside of the limiting membrane of the early endosome (EE), formed by the
fusion of the vesicles’ primary endocytic cells, with the progressive accumulation of the
intraluminal vesicles (ILVs) inside them [63]. Secondly, these multivesicular endosomes
(known as multivesicular bodies, MVBs) were shown to fuse with the membrane of the cell
to release intraluminal vesicles as exosomes, with a size ranging ~40-160 nm in diameter,
into the extracellular space [64]. The fate of MVBs is not unique, as they can be targeted
both by the lysosomal compartment for degradation and by the plasma membrane as just
described. The formation of exosomes requires the coordinated work of various proteins,
for example the Rab GTPase proteins that control endosomal trafficking. These proteins
might be capable of triggering the release of exosomes, in particular Rab GTPases 27a
and 27b. The biogenesis of these vesicles is regulated by the molecular complex known
as endosomal sorting complexes required for transport (ESCRT) [65]. This machinery is
made up of four multiprotein components, ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-IIIL.
At the beginning of the ESCRT-dependent training process, there is a crossing for cargo
delivery, which is determined by the twelfth checkpoint protein ubiquitin (ub). ESCRT-0
plays a role in the recognition of mono-ubiquitinated proteins via an HRS and STAM 1/2
heterodimer [66]. Subsequently, ESCRT-I and ESCRT-II combine with ESCRT-0 to create a
recognition domain with a strong affinity for ubiquitinated substrates via the endosomal
membrane, where it will eventually bud. Finally, ESCRT-III converges with the complex
to detach the membrane and release the buds into the endosome. The de-ubiquitination
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of the cargo through the de-ubiquitylating enzymes prevents ILVs from being delivered
to the lysosome for degradation. It is thought that, in addition to Rab GTPase proteins,
the release of exosomes can also be enhanced by hypoxia, which is frequent in tumors.
Exosome ESCRT-independent biogenesis is due to the presence of sphingolipid ceramide,
which plays a fundamental role in ILV formation; this may allow the generation of raft-
based microdomains, which induce a natural negative curvature on the membranes [67].
The MVBs, thus, formed can be directed to the plasma membrane, where fusion with it
determines the release of exosomes into the extracellular space. Once it arrives near the
target cell, the binding with it is made possible, above all, by the tetraspanin-integrin
complex. Furthermore, a proinflammatory environment can increase the expression of
receptor molecules, such as ICAM-1, on the membrane surface and this promotes the
adhesion between the exosomes and the target cells. Exosomes can release their contents
into the cytoplasm of target cells as a consequence of their fusion with the membrane of
the target cells. The entry of exosomes can also occur through phagocytosis dependent on
actin—cytoskeleton interactions and phosphatidylinositol 3-kinase [68].

3.2. EVs’ Role in Metastatic Niche and TME

Since metastasis remains the principal cause of death among cancer patients [69], it is
crucial to explore all the mechanisms that lead to the formation of the pre-metastatic niche
and, then, metastasis itself. For the effective growth and systemic spread of the tumor,
continuous crosstalk is necessary, i.e., dense communication between the tumor cells and
the local or distant host environment.

As stated before, even if tumorigenesis is a cell-autonomous process, it has been
proven that extracellular vesicles may influence it by improving cell-cell communication,
not only between cancer cells themselves but also between tumor cells and other types of
cells, such as immune cells and, finally, between a cancer cell and the microenvironment
around which the tumor develops [70,71]. Signaling through exosomes is probably the
most renowned way of EV signaling in the context of cancer. In detail, they seem to have
an essential role in angiogenesis, cancer progression, TME, and metastasis [72]. Exosomes
manage to take part in the process of metastasis development by preparing the environment
suitable for the engraftment and the colonization of circulating tumor cells, which, after
leaving the primary site, move toward distant secondary organs. This scenario is referred
to as the pre-metastatic niche, which has been observed in many kinds of tumors and it
is made up of different types of cells, including tumor-derived secreted factors (TDSFs),
bone marrow-derived cells (BMDCs), suppressive immune cells, host stromal cells, and
EVs [73]. A sweeping force for tumor progression and metastasis development is provided
by a chronic inflammatory microenvironment. Indeed, EVs can also affect the tumor
microenvironment, which is mainly composed of inflammatory cells, stromal cells, and an
extracellular matrix, etc.

Hoshino reported that exosomes elicit the upregulation of inflammatory molecules
in the pre-metastatic niche. In particular, exosome integrins were found to positively
regulate the expression of proinflammatory S100 molecules in the distant tissue microen-
vironment [74]. TDSFs, such as the vascular endothelial growth factor (VEGF), tumor
necrosis factor alpha (TNF-«), transforming growth factor-p (TGF-$3), and interleukins
(ILs), such as IL-6 and IL-10, can derive from tumor cells, which are themselves induced
by the local inflammatory microenvironment. These TDSFs in turn affect myeloid cells
through paracrine means, in order to stimulate their migration to a future pre-metastatic
niche [75].

Following stimulation by TDSFs, host stromal cells in the pre-metastatic niche could
upregulate the inflammatory factors” expression.

As already mentioned, the cells in the immune system, called BMDCs, also arrive in
the pre-metastatic niche; it seems that their presence encourages and speeds up the release
of inflammatory factors. In addition, exosomes of tumor origin have been shown to bring
inflammatory factors into the pre-metastatic niche through the bloodstream. As a result,
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these mechanisms lead to the generation of an inflammatory microenvironment favorable
to tumor cells [76].

It also has been demonstrated that extracellular vesicles released by carcinoma-
associated fibroblasts (CAFs) may produce a pre-metastatic niche in the lung through
the activation of fibroblasts [77].

Several studies show that exosomes are involved in angiogenesis and increase vascular
permeability to facilitate the formation of the pre-metastatic niche. For example, exosomes
secreted by colorectal cancer (CRC) cells are enriched in miR-25-3p, which promotes the
angiogenetic process and targets KLF2 and KLF4, resulting in the disruption of the tight
junctions of vascular endothelial cells [78].

To summarize, the mechanisms by which exosomes take part in the formation of
the pre-metastatic niche and by which they influence the cells that are part of the tumor
microenvironment are multiple. Indeed, they have a bimodal role in cancer: they are
able to program the immune system to provoke an antitumor response, but they can also
manipulate the local and systemic environment to ensure the growth and dissemination of
the tumor.

3.3. EVs’ Role in Immunomodulation

As we all know, the primary function of the immune system is to defend the subject’s
body against any external threats. The immune system differentiates the self from the
non-self, in particular it tries to attack and, consequently, destroy everything that does
not belong to the organism itself and which, for this reason, is potentially dangerous and
defined as non-self. In addition to pathogens, the immune system also fights cells in the
body that present abnormalities, such as cancer cells.

In the case of cancer, the immune system normally recognizes the antigens found on
the surface of tumor cells as non-self and, therefore, begins the process to destroy them. In
most cases, unfortunately, the tumor is able to evade the immune response, a phenomenon
called ‘immune escape’, by its host using a variety of mechanisms [69].

One mechanism by which tumor cells escape the control of immune system cells is
provided by the exosomes released by the tumor itself.

Given that exosomes can interfere with immune responses [68,79], it is also relevant to
investigate how they act as mediators between cancer and the immune system.

Here, we aim to highlight the different mechanisms by which exosomes released by
tumor cells are able to interfere with the immune response, sometimes inhibiting the cells
that take part in it, while others, instead, encourage the release of polypeptide mediators
and the generation of specific cells (Figure 1).

3.3.1. CD8+ T Cells

It is renowned that cytotoxic CD8+ T and CD4+ Thl cells are the principal antitumor
immune response effector cells and some studies have reported that cancer-derived exo-
somes regulate the function of T cells, basically, by damaging proliferation and facilitating
the apoptosis of CD8+ T cells.

In particular, scientists have shown that exosomes PD-L1+, highly expressed in tumor
tissues, tumor-associated APCs, and stromal cells [80-83], disseminate directly from the
cancer tissue to all over the body, cracking down on the immune system of the patient.

In animal experiments, exosomes carrying PD-L1 promote tumor growth and inhibit
the proliferation of CD8+ T cells [84].

Many types of exosomes derived by cancer cells may present the Fas ligand (FasL),
whose activation is not only known from the literature to silence the immune response by
inducing apoptosis of activated CD8+ T cells, but is also correlated with poor prognosis [85].

The CD8+ T cells’ activity can be compromised by some exosomes carrying miR-498
and miR-3187-3p [86].
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Figure 1. Representation of the influence that exosomes have on the cells in the immune system. In
some cases, they inhibit the activity of the cells that try to hinder the tumor; in others, they promote
cancer by favoring those cells that encourage tumor growth. Treg: regulatory T cell; Nk: natural
killer; miRNA: microRNA. Created using BioRender.

3.3.2. Natural Killer (NKs)

Another class of immune cells that act at the level of the antitumor immune response
and at the level of immune surveillance are NKs [87]. In order to implement immunological
escape, the NK receptor NKG2D must be lost because it usually leads to NK activation. In
fact, some studies have highlighted that exosomes that express the NKG2D ligand break
down the expression of NKG2D and, thus, inhibit the cytotoxic activity of these cells [88].

This kind of NK activity can also be suppressed by the cytokine TGF-31 present in
tumor-derived exosomes [89].

3.3.3. Macrophages

Exosomes can also interfere with the maturation process of some cells belonging to
the immune system. Specifically, it has been demonstrated that this class of nanovesicles is
able to arrest the maturation of monocytes into macrophages and DCs [90], as reported first
by Valenti’s study carried out on exosomes isolated from colorectal and melanoma cancer
cells [91]. The way in which exosomes can suppress the immune system is closely related
to the presence of some protein components, such as TGF-f3, IL-6, and PGE2 [92]. It has
been shown that tumor-derived exosomes bring about the inhibition of the differentiation
by secreting IL-6, and activating Stata3 signaling too [93].

At the same time, exosomes can inhibit macrophage maturation [94].

It is well known that exosomes derived from glioblastoma stem cells can encour-
age the monocyte’s differentiation into M2 macrophage, thus resulting in a suppressed
immune response. Macrophages, in fact, can be classified according to two subtypes:
M1 macrophages, associated with the antitumor response, and M2 macrophages, often
involved in pro-tumoral processes and in promoting the growth of cancerous cells [95].
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To do this, exosomes exploit the presence of the non-coding RNA within them. For
instance, it has been observed that two miRNAs are most relevant in ovarian cancer: miR-
222-3p and miR-200b. The level of the first miRNA is higher in ovarian cancer patients and
to promote tumor growth it can be transferred into macrophages, in order to induce the
tumor promoting M2 population [96]. The second miRNA, miR-200b, is deeply upregulated
in the serums from ovarian cancer patients, where it stimulates the proliferation and
invasion of tumor cells by promoting the polarization of M2 macrophage [97].

Colon TP53 mutant cancer cells release a huge amount of miR-1246-enriched [98]
exosomes. Neighboring macrophages, through the uptake of these exosomes, undergo
miR-1246-dependent reprogramming into tumor-associated macrophages (TAMs). Mutp53-
reprogammed TAMs foster anti-inflammatory immunosuppression, with increased TGF-{3
activity [99].

So far, some mechanisms have been reported according to which, through the inhibi-
tion of the maturation or activity of various immune cells, exosomes derived from tumor
cells are able to repress the activity of the immune system. On the other hand, exosomes
are also able to carry out this function by encouraging the generation and proliferation
of specific kinds of cells that act in their favor. Furthermore, the local microenvironment
means that tumor cells can produce chemokines and cytokines, which, working in synergy
with the same exosomes, recruit into secondary organ cells, such as TAMs, tumor-associated
neutrophils (TANs), Treg cells, and myeloid-derived suppressor cells (MDSCs) [73], which
are capable of inhibiting the antitumor immune response that is normally triggered to try
to eradicate cancer [92].

3.3.4. Treg Cells

Exosomes isolated from tumor cells were found to facilitate the generation and ex-
pansion of Tregs [100], allowing the immune escape of tumor cells through the release of
immunosuppressive cytokines, such as IL-10 and TGF-31 [101].

Several studies have indicated that exosomes can boost the suppressive function of
MDSCs on T cells. For example, in renal cancer, exosomal heat shock protein 70 (HSP70)
eases proliferation and enhances the activation of MDSCs via activating TLR2 signal-
ing [102].

3.4. Cargo of Extracellular Vesicles

Nowadays, due to their ability to boost antigen-specific immune responses, researchers
are focused on the use of exosomes in immunotherapy. Indeed, this occurs because they
can transfer an antigen from an APC, such as DCs and tumor cells, to other APCs. All this
is also made possible by the wide range of proteins, lipids, and nucleic acids that are part
of the exosomes themselves (Table 1).

Table 1. Cargo present in exosomes, with an implication for immunotherapy in different cancer types.

Exosome Cargo

Activity in Tumors Tumor Types Reference

Exosomal Proteins

Suppress CD8+ T cells, it is correlated with an anti-PD-1

Melanoma [84]

response

Related to the disease activity and to the clinical stages H and N cancer [103]
PD-L1 . . .

PD-L1 .levels were effective for predicting anti-PD-1 NSCLC [104]

therapies

Correlated with the worse survival rate PDAC [105]
Exosomal lipids
Phosphatidylcholine Resistance to immunotherapy B cell lymphoma [106]
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Table 1. Cont.

Exosome Cargo Activity in Tumors Tumor Types Reference

miRNAs

hsa-miR-320

(hsa-miR-320d, hsa-miR-320c,  Potential predictors for immunotherapy response [107]

hsa-miR-320b)

. Potential target for anti-PD-1 treatment(its decrease is the NSCLC

hsa-miR-125b-5p mark of a better outcome and a longer PFS) [1071

hsa-miR-34a Associated with the response to immunotherapy and the [108]
outcome

Circular RNAs

circCCAR1 Promotes CD8 + T cell dysfunction and anti-PD1 resistance [109]

i i i HCC

circUHRF1 Ind.uces natural killer cell exhaustion and resistance to [110]
anti-PD-1 therapy

circUSP7 Induces CD8+ T cell dysfunction and anti-PD1 resistance NSCLC [111]

PD-L1: programmed death-ligand 1; PD-1: programmed death 1; PDAC: pancreatic ductal adenocarcinoma; HCC:
hepatocellular carcinoma; H and N: head and neck; NSCLC: non-small-cell lung cancer; miRNA: microRNA.

In particular, the expression profile of exosomal proteins, different in all the various
tissues and in the different tumor stages, are strongly associated with cancer development
and progression [112]. The increased specificity of exosome cargo can be the basis for
determining the cells from which these extracellular vesicles derived. Among all the
cargoes, the mRNA content certainly stands out; this very stable type of RNA can carry
genetic information on tumor cells; therefore, their presence can be used from a diagnostic
and evaluation point of view related to tumor progression and to monitor how the patient
responds to the therapy administered [113].

Some of the proteins that are encapsulated within the lumen, or incorporated on the
exosome surface, have been defined as possible biomarkers, such as tetraspanin CD63, Alix,
and TSG101, while other proteins can be used to distinguish tumor-derived exosomes from
non-tumor-derived ones, such as EGFR, EphA2, and EpCAM [112]. Increasing evidence
shows that circulating EVs may counter antitumor immunity systemically, since checkpoint
ligands, such as PD-L1, CTLA4, and NKG2D, are expressed on their surface.

For example, PD-L1 drives immune checkpoint responses by binding PD-1 on T
cells [84]. Another study demonstrated that PD-L1-positive exosomes in blood samples
from patients with pancreatic ductal adenocarcinoma can correlate with the worse sur-
vival rates (7.8 vs. 17.2 months, p = 0.043) [105]. PD-L1 has also been found in blood
samples derived from melanoma patients; in this case, exosomal PD-L1 contributes to
immunosuppression through CD8+ T cell suppression and is associated with the anti-PD-1
response [84].

Theodoraki et al., using exosomes isolated from head and neck patients’ plasma, found
that the levels of PD-L1 carried by exosomes were related to the disease activity and to the
clinical stages. Patients with a high frequency of PD-L1+ exosomes in their plasma had a
more active and malignant disease than those with low levels [103].

It was also found that serum exosomal PD-L1 levels were effective for predicting anti-
PD-1 therapies for patients with NSCLC; furthermore, these levels tend to be associated
with survival [104].

Interestingly, exosomal lipids can also be correlated with immunotherapy in cancer.
For example, exosomes from B cell lymphoma have been shown to contain the phos-
phatidylcholine transporter ATP-binding cassette transporter A3 (ABCA3). This kind of
exosome may be implicated in resistance to immunotherapy by protecting target cells
from treatment with Rituximab, an antibody that attacks the B cell lymphocyte antigen
CD20 [106].
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As already mentioned, the content of exosomes has been proven to be a reliable marker
for the selection of cancer patients, in particular plasma-derived exosomal miRNAs.

Some studies confirm the strong importance that miRNAs have reached as biomarkers
for the selection of patients with advanced NSCLC. In particular, three miRNAs from the
hsa-miR-320 family have been found as potential predictors and hsa-miR-125b-5p has
been found to be a potential target for anti-PD-1 treatment, given that it is downregulated
in patients with a response to this kind of therapy. The results achieved in this study
suggest that patients with low levels of hsa-miR-320d, hsa-miR-320c, hsa-miR-320b, and
hsa-miR-125b-5p might better candidates for anti-PD-1 treatment. The continuous decrease
in the T cell-suppressor hsa-miR-125b-5p level can be considered as the mark of a better
outcome and longer progression-free survival (PFS), due to the T cell function increase [107].
From the data collected, it can be assumed that hsa-miR-320d, hsa-miR-320c, and hsa-miR-
320b are to be considered as possible biomarkers, useful for predicting the efficacy of
immunotherapy in advanced NSCLCs.

Plasma hsa-miR-200c and hsa-miR-34a levels were also associated with the response
and outcome in advanced NSCLC patients treated with anti-PD1 immunotherapy [108].

In addition to miRNAs, exosomes also contain circular RNAs (circRNAs). The latter
underlies several mechanisms, through which they control the resistance to some cancer
therapies, including immunotherapy. It has been proven that exosome-derived circCCAR1
enhances CD8 + T cell dysfunction and anti-PD1 resistance in patients diagnosed with
hepatocellular carcinoma [109]; but also, cancer cell-derived exosomal circUSP7 might
induce CD8+ T cell dysfunction and anti-PD1 resistance through the regulation of the
miR-934/SHP2 axis in NSCLC patients [111].

The cancer cell-derived circular RNA, circUHRF1, promotes the exhaustion of natural
killer cells and might cause resistance to anti-PD1 therapy in hepatocellular carcinoma
patients [110].

4. CTCs
4.1. Biology and Role in the Metastatic Cascade

The metastatic cascade is a multi-step process, through which tumor cells that slough off
the primary tumor travel through the bloodstream and reach other distant organs to develop
metastases, which represent the major cause of death in oncologic patients [114,115].

In this context, CTCs, a population of rare cells detectable in the peripheral blood of
cancer patients, assume a paramount role in guiding the metastatic spread of the solid
tumor [116]. Although, currently, the precise mechanisms related to their biology and
clinical value still need to be fully elucidated, the awareness of CTC existence and their
potential role in the metastatic spread emerged in the XIX century. In fact, the first detection
of CTCs dates back to 1869, during an autopsy examination on a metastatic cancer patient.
In that year, the Australian physician Ashworth described the presence of cells in the
bloodstream resembling the primary tumor, and he assumed that those cells must have
passed through the circulatory system to arrive at the vein from which the blood was
collected, therefore introducing the concept of CTC [117].

The first critical step in the metastatic spread is represented by cancer cell invasion,
followed by their entry into the bloodstream, which is commonly known as intravasation.
At the first instance, cancer cell invasion can occur passively, with cancer cells sloughed
off the edge of the tumor and swept away by the circulation, while active migration can
occur, as well as with cancer cells crawling into the vessels, for example due to nutrient
and chemokine gradients [118,119]. Active cancer cell invasion was also demonstrated
to be triggered by hypoxia [120]. Moreover, intravasation can occur through the follow-
ing different routes: by entering the bloodstream directly (the hematogenous route), or
indirectly, through the lymphatic circulation [121]. Therefore, this process encompasses
a number of mechanisms, and several factors orchestrate this phenomenon, dramatically
affecting the metastatic cascade [122,123]. In fact, it has been estimated that approximately
1 x 10° cancer cells per gram of tumor tissue are shed in the bloodstream, but the estimated
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metastasis efficiency is very poor (0.01%) [124]. The multitude of threats to which CTCs
are subjected to in the bloodstream are among the main consequences of low metastasis
efficiency rates: anoikis, high shear stress causing deformation, fragmentation, cell death,
and immune surveillance. As a consequence, CTCs” half-life is usually very poor: while
single CTCs circulate in the bloodstream for approximately 25-30 min, it is estimated that
the half-life of CTC clusters is dramatically reduced to 6-10 min [125]. However, despite
a lower time span in circulation and a lower paucity compared with single CTCs, it has
been shown that CTC clusters have a 23- to 50-fold increased metastatic potential in breast
cancer patients [126].

Extravasation relies on the initial binding of a CTC to the endothelial walls of blood
vessels, and transmigration across the endothelium into the surrounding tissue. Different
theories attempting to explain the metastatic formation were put forward, with tumor cells
constantly maintaining a pivotal role across the hypotheses. At the first instance, the “seed
and soil” theory was postulated in 1889 by Stephan Paget, who conducted postmortem
research involving a cohort of 735 women with metastatic breast cancer and found that
the organ distribution of metastases was not casual. In fact, based on his theory, tumor
cells detaching from the primary tumor (the “seed”) grow preferentially in specific organs
characterized by a suitable microenvironment (the “soil”), so that metastasis formation
is not orchestrated by random events [127]. Other theories contested Paget’s proposal,
supporting the anatomical /mechanical hypothesis: the arrest of cancer cells in nonspecific
organs is governed by properties associated with the anatomy (i.e., venous drainage)
rather than the microenvironment characteristics [128]. More recently, several studies
have confirmed the validity of both the “seed and soil” and the anatomical hypotheses,
suggesting that they are not mutually exclusive [128].

Currently, it is a matter of fact that the condition of the metastatic niche is a deciding
factor in the CTCs’ fate, as they can enter a state of dormancy until the shift to a favorable
microenvironment.

4.2. Interaction of CTCs with Blood Cells

As reported above, CTCs face critical challenges in the bloodstream. Therefore, under-
standing their interactions in the liquid microenvironment could be useful to deepen the
understanding of the mechanisms underlying metastatic progression [129].

The interaction of CTCs and other blood cells (i.e., immune and stromal cells) was
demonstrated to be critical to escape the immune system and to permit the survival of
cancer cells in circulation. These interactions can occur: (1) as a direct cell—cell interplay
(CTC clusters), or (2) indirectly, through the release of specific molecules, resulting in the
manipulation of normal cell functions and allowing CTC survival and extravasation in
distant organs to perpetrate metastasis. In this context, the immune system plays a crucial
role in tumorigenesis, as the interaction between CTCs and immune cells in circulation
was demonstrated to modulate immune surveillance. Therefore, a deeper exploration
of these crosstalk scenarios may be useful to better understand how CTCs respond to
immunotherapy regimens [12].

Here, we will focus on the interactions between CTCs and platelets, macrophages and
neutrophils, and on the immune-related consequences of these interplays (Figure 2).

4.2.1. Platelets

Platelets are tiny anucleated cytoplasmic fragments (measuring 2-5 pm in diameter)
derived from megakaryocytes, with a concentration in the bloodstream estimated to be
around (150-400) x 107 cells 1711 Although they are commonly known as mediators
of blood clotting, platelets also participate in inflammation, angiogenesis, and innate
immunity [130,131]. While these cells are involved in the maintenance of physiologic
homeostasis, their contribution to cancer-related processes currently represents a matter
of fact, as they are primary mediators of hematogenous metastasis. In patients with
thrombocytosis, involving an excess of platelets in the bloodstream, prognosis is usually
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considered unfavorable [132]. A huge body of experimental findings has described the
critical role of platelets in mediating immune evasion of cancer cells [129]. In addition, the
interaction between CTCs and platelets has been investigated in the context of immune
modulation and immune clearance evasion. This role has also been described at the
intratumoral level: in NSCLC patients, this interaction leads to PD-L1 ingestion and
presentation on the platelets’ surface, in the TME, and in the bloodstream, resulting in CD4+
and CD8+ inhibition [133]. Platelets represent one of the first circulating cell populations
to interact with cancer cells, even at the intratumoral level. However, platelets have been
found to interact with cancer cells in circulation by creating platelet-enriched thrombi
surrounding CTCs in the bloodstream, offering physical protection from fluid shear stress,
as described by Chivikula et al. [134]. At the circulation level, some studies have found that
platelet cloaking on CTCs may hide CTCs from classical antibody detection [135]. Moreover,
platelets can aid CTCs to evade the cytolytic activity of natural killer cells through the
creation of a fibrinogen-enriched “shield” [136], and by transferring MHC-I to CTCs,
preventing their identification, thus impairing natural killer cell immune surveillance [137].
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Figure 2. The interactions between CTCs and other blood cells: platelets, macrophages, and neu-
trophils. CTC: circulating tumor cells; TGF-f3: transforming growth factor-; FSS: fluid shear stress;
NK: natural killer; TAM: tumor-associated macrophage; CAML: cancer-associated macrophage-like
cells; CHC: circulating hybrid cell; NET: neutrophil extracellular trap. Created using BioRender.

Platelets were found to interact with CTCs and also impact their survival through the
secretion of growth factors, such as TGF-f3, an important regulator of immune tolerance
contained in x-granules released during platelet activation. Based on the findings of Labelle
and colleagues, platelets represent one of the first sources of TGF-f in circulation, which
in turn activates the Smad and NF-kB signaling pathways in tumor cells, and promotes
the transdifferentiation of CTCs into a mesenchymal-like phenotype [138-140]. Several
studies have proposed the blockade of platelet-CTC interaction as an anti-metastasis
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treatment strategy, such as involving anticoagulants [141]. More recently, Li et al. developed
genetically engineered platelets expressing the TNF-related apoptosis-inducing ligand
(TRAIL) to induce CTC apoptosis, acting as a Trojan horse for CTC neutralization after
their interaction [142].

4.2.2. Macrophages

Macrophages are cells derived from myelomonocytic precursors with a critical role in
physiologic processes, as they patrol for pathogens and eliminate dead cells. In the tumor
microenvironment, they are one of the most representative cell populations, known as
TAMs, characterized by different phenotypes and functions based on the signals that shape
the TME. More specifically, TAMs can polarize toward M1-like and M2-like macrophages,
with inhibitory and growth-promoting properties, respectively [143]. Both tumor-resident
and circulating TAMs have a huge impact on cancer cells, especially through the release of a
plethora of factors (polypeptides, metabolites, cytokines, and others) with tumor-promoting
and tumor-protecting properties, and by fusing with tumor cells [144]. Their role has
been found to be involved not only with primary tumor cells, but also with CTCs. For
instance, in colorectal cancer, the presence of CD163+ TAM in the tumor invasive front has
been associated with the presence of epithelial-to-mesenchymal transition (EMT) in CTCs,
leading to increased motility and metastatic power [145]. In this context, Cheng Wei and
collaborators described a positive feedback loop between cancer cells and TAMs involving
the IL6/STAT3 pathway, with a critical role in cancer progression and metastasis [146]. It
has been proposed that CTCs communicate directly with macrophages via the CD47/SIRPo
axis. CD47 is a “don’t-eat-me” signal and its overexpression results in the repulsion of
phagocytic attacks, thus evading the immune response. CD47 binds to its receptor signal
regulatory protein « (SIRP«), which is expressed by macrophages and dendritic cells,
conferring CTCs with a non-immunogenic profile [147,148].

The interaction of CTCs with macrophages was shown to be involved in several pro-
cesses, including migration, invasion, and immunosuppression, to escape from antitumor
immune responses. For instance, by co-culturing peripheral blood mononuclear cells with
CTC cell lines derived from small-cell lung cancer patients, Hamilton and co-workers
investigated the interplay between macrophages and CTCs. They found that CTC-derived
factors stimulate the differentiation of monocytes toward CD14+, CD163%eak and CD68+
TAM of the M2-like type, resulting in immunosuppression. In addition, migration and
invasion are enhanced by CTCs that elicit the secretion of factors that drive migration
and invasion, such as osteopontin (OPN), monocyte chemoattractant protein 1 (MCP-1),
IL-8, chitinase3-like 1 (CHI3L1), platelet factor (Pf4), IL-1ra, matrix metalloproteinase 9
(MMP-9), and others [149]. Moreover, it has been demonstrated that cancer patients can
display, in circulation, hybrid cells deriving from the interaction between macrophages
and cancer cells, including tumor resident cells, with a critical role in therapy response
and immune evasion [150]. These cells can derive from the phagocytosis of cancer cells
(cancer-associated macrophage-like (CAML) cells) and from macrophage—cancer cell fusion
(circulating hybrid cells, CHCs). CAML cells are immune cells that do not recapitulate
tumorigenesis and originate from the phagocytosis of cancer cells. They have been found
in the circulation of patients with different tumor types, and an increase in CAML cell
numbers has been observed in patients responding to chemotherapy [151]. The number
of CAML cells was shown to be inversely correlated with the number of CHCs, which
in turn is associated with decreased therapy response. In fact, CHCs are giant hybrid
cells (size > 30 um) with both epithelial and myeloid phenotypes (dual CK+/EpCAM+
and CD14/CD45+), characterized by pro-metastatic power, chemotherapy resistance, and
immune tolerance [150,152,153].

4.2.3. Neutrophils

Neutrophilic cells constitute the most represented myeloid population in human blood.
They are rapidly recruited to sites of tissue injury and, in the case of microbial infection, by
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signals that include hydrogen peroxide, chemokines, and cytokines [154]. In recent years, a
growing body of evidence has leveraged their role as regulators of cancer and, by virtue
of their presence in circulation, the interaction between neutrophils and CTCs has been
investigated as well [155]. According to the literature, the interplay between neutrophils
and CTCs can occur in two manners: (1) by direct interaction, forming clusters, and
(2) through the creation of web-like structures, called neutrophil extracellular traps (NETs),
formed by DN A-histone complexes and activated neutrophil-derived proteins [156].

It has been shown that the interaction of CTCs with neutrophils starts at the early
stages of tumor cell migration in the primary tumor, therefore tumor-resident neutrophils
detach together with cancer cells and enter the bloodstream in the form of clusters. Neu-
trophils interacting with CTCs support cell cycle progression in circulation and enhance
the metastatic power. Moreover, this interplay is VCAM-1-dependent, presumably by
binding to the integrins expressed by neutrophils, and its inhibition prevents the formation
of clusters [157]. Gene expression analyses performed on breast cancer patients showed
that CTC-associated neutrophils might be polarized towards the N2-like phenotype [158].
In fact, neutrophils are characterized by high plasticity and can be polarized into antitu-
mor Nl-like cells, as well as pro-tumor N2-like cells, depending on the environmental
factors [154]. Compared to N1-like neutrophils, N2-polarized neutrophils do not produce
high levels of proinflammatory agents, such as chemokines (such as CCL3, CXCL9) or
cytokines (IL-12, TNF-«, and others), while they are responsible for the secretion of high
levels of arginase that can inactivate T cell functions [159].

On the other hand, neutrophils have also been described in association with CTCs in
the form of NETs, which are produced when neutrophils are exposed to certain stimuli
in response to bacterial infections [160]. NETosis consists of the expulsion of NETs out of
neutrophils to the extracellular space, as the result of surgical trauma and injuries. Due to its
pro-tumor activity, NETosis plays a fundamental role in cancer progression and metastasis,
as intensively reviewed by Kwak et al. [161]. It has been shown that NETs, together with
platelets, can exploit their sticky jelly-like properties to wrap up CTCs, acting as a shield,
protecting them from FSS and immune attacks [162].

4.3. CTCs’ Role in Immunotherapy Response Prediction

The need for biomarkers capable of assessing the treatment response and predicting
which patients would benefit from immunotherapy is unquestionable. Several studies have
attempted to settle the role of CTCs as an accessible and minimally invasive surrogate of
the tumor for biomarker investigation, especially when a tumor biopsy is not performable
or the patient is unfit [163]. In addition, CTC analysis also provides a snapshot of biomarker
expression in longitudinal studies, allowing the response to therapy to be monitored [164,165].

4.3.1. EpCAM-Based CTC Enumeration

Since the early 2000s, CTC enumeration has been demonstrated as a valuable approach
for prognosis determination and therapy monitoring in cancer patients. More specifically,
in 2004, Cristofanilli et al. reported for the first time, in a prospective study involving
177 metastatic breast cancer patients, that the number of CTCs assessed using the CellSearch
system is an independent prognostic factor, with patients having equal or greater than
5 CTC/5.5 mL of blood displaying a lower PFS [166]. For now, CellSearch remains the only
FDA-cleared CTC-based assay for the determination of prognosis in patients with advanced
epithelial tumors. This platform relies on ferrofluid-based capture reagents targeting the
EpCAM antigen for capturing CTCs. In the following years, CTC enumeration has been
investigated as a potential tool to monitor the therapy response in several trials, including
in regard to immunotherapy as well.

In a study by Tamminga et al., CTCs were enumerated using CellSearch in 104 ad-
vanced NSCLC patients, receiving checkpoint inhibitors at the baseline (T0) and at 4 weeks
of treatment (T1). The durable response rates were twice as high in CTC negative patients
at TO, and six times as high in patients that in T1 had decreased CTCs compared to patients
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with stable or an increased number of CTCs. No predictive role was found related to the
early tumor response [167]. Similar findings in advanced NSCLC patients receiving PD-
1/PD-L1 inhibitors were reported by Park and colleagues. The enumeration of CTCs using
a size-based system (CD-PRIME™, Clinomics Inc., Ulsan, Republic of Korea) revealed
that a high count of CTCs during treatment (not the baseline) and an increased number
of CTCs predicted disease progression. This trend was also observed with an increasing
number of noncanonical EpCAM- and CD45-positive CTCs (double positive CTCs) [168],
whose presence has been described in different tumor types, but their role is not yet fully
elucidated [169].

4.3.2. PD-L1 Determination

PD-L1 (programmed cell death ligand 1) acts as a critical regulator of immune tolerance
through the interaction with PD-1 and it is one of the most studied markers in patients
treated with immunotherapy. The function of this checkpoint acts as a “don’t-find-me”
signal to the adaptive immune response [170]. PD-L1 has been established as a predictive
biomarker of the response to PD-L1/PD-1 inhibitors [171]. However, it is reported that
>50% patients with high PD-L1 expression in tumor tissue do not benefit from first-line
Pembrolizumab [172], and 10% of patients with a PD-L1 negative tumor do respond
to second-line inhibitors [173]. The reason could be attributed to the spatiotemporal
heterogeneity of PD-L1 in tumor tissue [174]. Studies in the last few years have attempted
to investigate the role of CTC PD-L1 determination in predicting the therapy response,
but with contrasting findings. The different approaches for CTC enrichment and PD-
L1 detection, the different cancer types, and therapies used, may be the basis of the
inconsistent data.

A proof-of-concept for PD-L1 determination in CTCs for the stratification of patients
receiving immunotherapy was provided by Ili€ et al. More specifically, they found that
in advanced NCSLC patients the concordance of PD-L1 expression in CTCs and matched
tumor tissue was 93%, supporting the potential of CTCs as a real-time “liquid biopsy” [170].
In their study, CTCs were enriched from peripheral blood based on their size and de-
formability using the ISET filtration platform, and PD-L1 immunostaining was directly
performed on filters [170].

Other studies were conducted on different tumor types to look into the predictive role
of PD-L1 expression in CTCs. Being historically involved in immunotherapy [20], several
studies have focused on PD-L1 determination in CTCs from lung cancer.

In a retrospective study on advanced NSCLC patients by Guibert et al., the expres-
sion of PD-L1 was assessed in CTCs isolated before Nivolumab treatment and during
progression. They found that CTCs had higher PD-L1 positivity rates compared to matched
tissues (83% vs. 41%), but, conversely to the abovementioned study, higher baseline PD-L1+
CTCs levels were observed in non-responder patients, meaning those that experienced
PFS < 6 months [174]. The investigation by Sinoquet et al. [175], using CellSearch for 54 pa-
tients with advanced NSCLC, revealed instead a low concordance of PD-L1 expression
in CTCs and matched tumor tissues (54%). Nicolazzo et al. evaluated the expression of
PD-L1 in CTCs from NSCLC patients at the baseline, and at 3 and 6 months after starting
Nivolumab treatment, using the EpCAM-based CellSearch enumeration platform. They
found that at the baseline and at 3 months, almost all the patients had PD-L1 + CTCs (100%
prevalence). In addition, patients displaying PD-L1 negative CTCs at 6 months experienced
a clinical benefit, while those patients with PD-L1+ CTCs experienced disease progres-
sion, suggesting that this phenomenon could act as a mechanism of therapy escape and
dichotomize the patients [176]. Based on their findings, the assessment of PD-L1 expression
on CTCs acquires a more predictive value late in course of treatment (at 6 months) due
to the biological time required by the immune system to eliminate PD-L1+ CTCs, while
PD-L1 determination at 3 months is less informative [176]. In another study on advanced
NSCLC patients treated with PD-L1/PD-1 inhibitors as the second- or third-line treatment,
Dall’Olio et al. found that PD-L1+ CTCs were associated with better survival and worse
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survival when measured during pre-treatment and post-treatment, respectively [177]. In
this study, the CellSearch platform was used. In a study conducted on 47 hepatocellular
cancer (HCC) patients receiving PD-1 inhibitors in combination with radio- and antian-
giogenetic therapy, the identification of <2 PD-L1 positive CTCs using CytoSorter at the
baseline was associated with a higher objective response rate. In addition, patients with
a dynamic decrease in PD-L1 positive CTCs at 1 month after treatment were more likely
to display an objective response [178]. In a study by Tan and colleagues, the expression
of PD-L1 in CTCs from 155 patients with different advanced tumor types was assessed
to investigate its role in predicting and monitoring the response to PD-1/PD-L1 blockade
immunotherapies. The disease control rate (DCR) was significantly different in patients
with PD-L1+ CTCs (39.29%) and PD-L1- CTCs (71.65%). Moreover, a higher number and
percentage of PD-L1+ and PD-L1-high CTCs were observed at the baseline in patients in
the partial response and stable disease group, compared to those with progressive disease.
In hepatocellular carcinoma patients, a higher baseline count of PD-L1-high CTCs was
associated with a clinical benefit, suggesting the potential use of PD-L1 determination on
CTCs to predict the response to anti-PD-1 and anti-PD-L1 monoclonal antibodies [172]. In
a study conducted on 40 patients with a melanoma diagnosis, Khattack et al. found that the
number of PD-L1+ CTCs was higher in patients responding to Pembrolizumab compared
to non-responders at the baseline [179].

However, some studies have shown that determination of PD-L1 expression in CTCs
is not useful to predict treatment outcome. In the phase 2 INTEGA trial conducted on
esophagogastric patients, PD-L1 expression on CTCs using CellSearch was not associated
with a specific outcome in the Ipi arm (Trastuzumab and Nivolumab in combination with
Ipilimumab) [171]. In metastatic renal cell carcinoma patients, Bootsma et al. focused
on the expression of PD-L1 and HLA-I in CTCs, captured and enriched using a versatile
exclusion-based rare sample analysis (VERSA). In fact, given their diametrical effects on
immune evasion, PD-L1 and HLA-I expression levels were contextualized by computing a
HP ratio. In patients receiving ICB, the HP ratio was found to decrease due to the clearance
of tumor cells characterized by high HLA-I and low PD-L1 levels, while patients with an
increasing HP ratio over time had worse outcomes. Therefore, this approach could provide
a predictive role of the HP ratio in the prediction and monitoring of mRCC patients [180].

5. Future Applications of EVs and CTCs in Immunotherapy

The power of EVs and CTCs in liquid biopsies has currently achieved stunning
outputs, but their introduction in clinical practice is still far from a reality due to several
reasons, including the high costs, a lack of standardization, and suboptimal specificity
and sensitivity. Nevertheless, in recent years researchers have attempted to encourage the
development of new applications involving CTCs and EVs.

In this context, the engineering of EVs has recently been described as one of the
most promising tools in immunotherapy, thanks to their ability to modulate the TME,
and the stability in body fluids, including peripheral blood [181]. Moreover, EVs have a
natural aptitude for crossing cell membranes and barriers, overcoming the issue related
to the therapeutic delivery of bioactive molecules (DNA, RNA, and proteins) to some
body compartments, such as the central nervous system [182]. In immunotherapy, the
application of engineered EVs can be useful as an immunomodulatory strategy to improve
treatment efficiency and to rewire antitumor immunity [182]. In 2021, engineered EVs
overexpressing a high-affinity variant human PD-1 protein (havPD-1) were shown to have
efficacy as a direct immunotherapy agent and in combination with other agents (i.e., PARP
inhibitors). In xenograft tumor models, havPD-1 EVs were shown to induce apoptosis
of PD-L1 overexpressing tumor cells and activating cytotoxic T cells in xenograft mod-
els [183,184]. Moreover, the encapsulation of chemotherapeutic agents within engineered
EVs showed an increased antitumor effect compared to monotherapy, due to the immunos-
timulatory function of chemotherapeutic agents [184,185]. Engineered EVs have also been
demonstrated as a promising strategy to repolarize TAMs, enhancing T cell antitumor
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immunity and ICI efficacy [186]. In this context, Choo et al. demonstrated that engineered
EVs derived from M1 macrophages are able to reset M2-like TAMs (pro-tumorigenic prop-
erties) to the M1 phenotype (tumor inhibition properties) in vitro and in vivo, potentiating
the antitumor efficacy of ICI treatment [187]. However, although most scientific evidence
supports the role that cancer-derived EVs have in suppressing the antitumor response, it
is known that they can also have an immunostimulatory role that can boost the efficacy
of immunotherapy for patients undergoing treatment [188]. Nowadays, there are some
main lines of action for immunotherapy that involve cancer-derived EVs, such as the
suppression approach of cancer-derived EVs’ secretion, then also the enhancing of the
immunostimulatory factors around the EVs’ surface and, lastly, the use of cancer-derived
EVs as carriers in the field of vaccines. The potential of using these cancer-derived EVs is
still far from clinical use, even with its huge potential [188].

On the other hand, while EVs are still far from being introduced in clinical practice,
CTC enumeration using CellSearch is used for prognosis assessment for some advanced
tumors. However, since this platform allows for the detection of exclusively EpCAM+
cells, it has been reported that CellSearch may fail to detect CTCs with unconventional
characteristics, such as low/absent EpCAM expression, or the expression of mesenchymal
markers due to EMT (non-conventional CTCs, ncCTCs) [189,190]. The interaction between
CTCs with other blood cells, such as platelets, can induce EMT-like features in CTCs [191].
EMT-like CTCs have been described in regard to different tumor types in association with
an invasive phenotype [192,193]. Thanks to the extraordinary advances achieved in the
fields of transcriptomics and genomics, it is now possible to better understand the molecular
mechanisms orchestrating tumor immune escape, as well as the interplay between CTCs
and immune cells. In future, high-throughput and computational technologies could allow
the discovery of novel markers and potentially immunogenic antigens on CTCs with a
predictive and/or actionable role in immunotherapy [194].

6. Conclusions

Both EVs and CTCs have direct and indirect interactions with the immune system.
By analyzing the main studies addressing the relationships between the immune system
and EVs and CTCs we could conclude that this is a new frontier in cancer research, with a
promising impact in the clinic. CTCs and EVs could represent biomarkers both capable of
identifying patients responsive or resistant to immunotherapy, and targets for therapeutic
approaches. However, for a possible transfer from the laboratory bench to the patient’s
bedside, other studies should be conducted to clarify and confirm their potential and to
better define the clinical contexts in which they could be developed. Despite numerous
attempts to study the mechanism by which both EVs and CTCs influence immunotherapy
in depth, several mechanisms have still not been deeply examined. Future studies will be
decisive in providing answers to these unresolved questions, offering useful evidence to
determine the predictive role of EVs and CTCs.

Author Contributions: Writing—original draft preparation, S.B., PU. and T.R.; writing—review and
editing, S.B., PU. and T.R; supervision, P.U. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was partly supported thanks to the contribution of Ricerca Corrente, by the
Italian Ministry of Health within the research line “Precision, gender and ethnicity-based medicine
and geroscience: genetic-molecular mechanisms in the development, characterization and treatment
of tumors”.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

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



Cells 2024, 13, 337 19 of 26

References

1.  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] [PubMed]

2. Yang, Y.; Liu, H,; Chen, Y.; Xiao, N.; Zheng, Z.; Liu, H.; Wan, J. Liquid Biopsy on the Horizon in Immunotherapy of Non-Small
Cell Lung Cancer: Current Status, Challenges, and Perspectives. Cell Death Dis. 2023, 14, 230. [CrossRef] [PubMed]

3. Sun, Q;Hong, Z.; Zhang, C.; Wang, L.; Han, Z.; Ma, D. Immune Checkpoint Therapy for Solid Tumours: Clinical Dilemmas and
Future Trends. Signal Transduct. Target. Ther. 2023, 8, 320. [CrossRef] [PubMed]

4. Kreamer, K M. Immune Checkpoint Blockade: A New Paradigm in Treating Advanced Cancer. J. Adv. Pract. Oncol. 2014, 5,
418-431. [CrossRef] [PubMed]

5. Hodi, ES.; O'Day, S.J.; McDermott, D.F.; Weber, R W.; Weber, ].S.; Sosman, ].A.; Haanen, ].B.; Gonzalez, R.; Robert, C.; Schadendorf,
D.; et al. Improved Survival with Ipilimumab in Patients with Metastatic Melanoma. N. Engl. J. Med. 2010, 363, 711-723.
[CrossRef] [PubMed]

6. Motzer, RJ.; Escudier, B.; McDermott, D.E,; George, S.; Hammers, H.J.; Srinivas, S.; Tykodi, S.S.; Sosman, J.A.; Procopio, G;
Plimack, E.R; et al. Nivolumab versus Everolimus in Advanced Renal-Cell Carcinoma. N. Engl. ]. Med. 2015, 373, 1803-1813.
[CrossRef] [PubMed]

7. Schmid, P; Adams, S.; Rugo, H.S.; Schneeweiss, A.; Barrios, C.H.; Iwata, H.; Diéras, V.; Hegg, R.; Im, S.-A.; Wright, G.S.; et al.
Atezolizumab and Nab-Paclitaxel in Advanced Triple-Negative Breast Cancer. N. Engl. J. Med. 2018, 379, 2108-2121. [CrossRef]

8.  Gandhi, L.; Rodriguez-Abreu, D.; Gadgeel, S.; Esteban, E.; Felip, E.; De Angelis, F.; Domine, M.; Clingan, P.; Hochmair, M.J.;
Powell, S.F; et al. Pembrolizumab plus Chemotherapy in Metastatic Non-Small-Cell Lung Cancer. N. Engl. ]. Med. 2018, 378,
2078-2092. [CrossRef]

9.  Yang, X Yin, R;; Xu, L.; Lommatzsch, M.; Bratke, K.; Stoll, P; Forde, PM.; Chaft, ].E.; Pardoll, D.M. Neoadjuvant PD-1 Blockade
in Resectable Lung Cancer. N. Engl. |. Med. 2018, 379, el4. [CrossRef]

10. Ribas, A.; Wolchok, ].D. Cancer Immunotherapy Using Checkpoint Blockade. Science 2018, 359, 1350-1355. [CrossRef]

11.  Guo, S;; Huang, J.; Li, G.; Chen, W.; Li, Z; Lei, ]. The Role of Extracellular Vesicles in Circulating Tumor Cell-Mediated Distant
Metastasis. Mol. Cancer 2023, 22, 193. [CrossRef] [PubMed]

12. Dotse, E.; Lim, K.H.; Wang, M.; Wijanarko, K.J.; Chow, K.T. An Immunological Perspective of Circulating Tumor Cells as
Diagnostic Biomarkers and Therapeutic Targets. Life 2022, 12, 323. [CrossRef] [PubMed]

13.  Zhou, X; Xie, E; Wang, L.; Zhang, L.; Zhang, S.; Fang, M.; Zhou, F. The Function and Clinical Application of Extracellular Vesicles
in Innate Immune Regulation. Cell. Mol. Immunol. 2020, 17, 323-334. [CrossRef] [PubMed]

14. Darvin, P; Toor, S.M.; Nair, V.S.; Elkord, E. Immune Checkpoint Inhibitors: Recent Progress and Potential Biomarkers. Exp. Mol.
Med. 2018, 50, 1-11. [CrossRef]

15. Barrueto, L.; Caminero, F; Cash, L.; Makris, C.; Lamichhane, P.; Deshmukh, R.R. Resistance to Checkpoint Inhibition in Cancer
Immunotherapy. Transl. Oncol. 2020, 13, 100738. [CrossRef]

16. Seidel, J.A.; Otsuka, A.; Kabashima, K. Anti-PD-1 and Anti-CTLA-4 Therapies in Cancer: Mechanisms of Action, Efficacy, and
Limitations. Front. Oncol. 2018, 8, 86. [CrossRef]

17. Riella, L.V.; Paterson, A.M.; Sharpe, A.H.; Chandraker, A. Role of the PD-1 Pathway in the Immune Response. Am. |. Transplant.
2012, 12, 2575-2587. [CrossRef]

18. Huang, Q.; Zheng, Y,; Gao, Z.; Yuan, L.; Sun, Y.; Chen, H. Comparative Efficacy and Safety of PD-1/PD-L1 Inhibitors for Patients
with Solid Tumors: A Systematic Review and Bayesian Network Meta-Analysis. |. Cancer 2021, 12, 1133-1143. [CrossRef]

19. Lei, Q.; Wang, D.; Sun, K.; Wang, L.; Zhang, Y. Resistance Mechanisms of Anti-PD1/PDL1 Therapy in Solid Tumors. Front. Cell
Dev. Biol. 2020, 8, 672. [CrossRef]

20. Jiang, Y.; Chen, M.; Nie, H.; Yuan, Y. PD-1 and PD-L1 in Cancer Inmunotherapy: Clinical Implications and Future Considerations.
Hum. Vaccin Immunother. 2019, 15, 1111-1122. [CrossRef]

21. Rizvi, N.A.A.; Mazieres, ].; Planchard, D.; Stinchcombe, T.E.E.; Dy, G.K,; Antonia, S.J.; Horn, L.; Lena, H.; Minenza, E.; Mennecier,
B.; et al. Activity and Safety of Nivolumab, an Anti-PD-1 Immune Checkpoint Inhibitor, for Patients with Advanced, Refractory
Squamous Non-Small-Cell Lung Cancer (CheckMate 063): A Phase 2, Single-Arm Trial. Lancet Oncol. 2015, 16, 257-265. [CrossRef]

22. Liebl, M.C.; Hofmann, T.G. Identification of Responders to Immune Checkpoint Therapy: Which Biomarkers Have the Highest
Value? J. Eur. Acad. Dermatol. Venereol. 2019, 33, 52-56. [CrossRef]

23. Le, D.T.; Durham, J.N.; Smith, K.N.; Wang, H.; Bartlett, B.R.; Aulakh, LK ; Lu, S.; Kemberling, H.; Wilt, C.; Luber, B.S,; et al.
Mismatch Repair Deficiency Predicts Response of Solid Tumors to PD-1 Blockade. Science 2017, 357, 409-413. [CrossRef] [PubMed]

24. Argenziano, G.; Fargnoli, M.C.; Fantini, F; Gattoni, M.; Gualdi, G.; Pastore, F.; Pellacani, G.; Quaglino, P.; Queirolo, P.; Troiani, T.
Identifying Candidates for Immunotherapy with Cemiplimab to Treat Advanced Cutaneous Squamous Cell Carcinoma: An
Expert Opinion. Ther. Adv. Med. Oncol. 2022, 14, 17588359211066272. [CrossRef] [PubMed]

25. Linhares, A.D.S.; Battin, C.; Jutz, S.; Leitner, ].; Hafner, C.; Tobias, J.; Wiedermann, U.; Kundi, M.; Zlabinger, G.J.; Grabmeier-
Pfistershammer, K.; et al. Therapeutic PD-L1 Antibodies Are More Effective than PD-1 Antibodies in Blocking PD-1/PD-L1
Signaling. Sci. Rep. 2019, 9, 11472-11479. [CrossRef]

26. Doroshow, D.B.; Bhalla, S.; Beasley, M.B.; Sholl, L.M.; Kerr, KM.; Gnjatic, S.; Wistuba, L.I.; Rimm, D.L.; Tsao, M.S.; Hirsch, ER.

PD-L1 as a Biomarker of Response to Immune-Checkpoint Inhibitors. Nat. Rev. Clin. Oncol. 2021, 18, 345-362. [CrossRef]
[PubMed]


https://doi.org/10.1038/s41423-020-0488-6
https://www.ncbi.nlm.nih.gov/pubmed/32612154
https://doi.org/10.1038/s41419-023-05757-5
https://www.ncbi.nlm.nih.gov/pubmed/37002211
https://doi.org/10.1038/s41392-023-01522-4
https://www.ncbi.nlm.nih.gov/pubmed/37635168
https://doi.org/10.6004/jadpro.2014.5.6.3
https://www.ncbi.nlm.nih.gov/pubmed/26328216
https://doi.org/10.1056/NEJMoa1003466
https://www.ncbi.nlm.nih.gov/pubmed/20525992
https://doi.org/10.1056/NEJMoa1510665
https://www.ncbi.nlm.nih.gov/pubmed/26406148
https://doi.org/10.1056/NEJMoa1809615
https://doi.org/10.1056/NEJMoa1801005
https://doi.org/10.1056/NEJMc1808251
https://doi.org/10.1126/science.aar4060
https://doi.org/10.1186/s12943-023-01909-5
https://www.ncbi.nlm.nih.gov/pubmed/38037077
https://doi.org/10.3390/life12020323
https://www.ncbi.nlm.nih.gov/pubmed/35207611
https://doi.org/10.1038/s41423-020-0391-1
https://www.ncbi.nlm.nih.gov/pubmed/32203193
https://doi.org/10.1038/s12276-018-0191-1
https://doi.org/10.1016/j.tranon.2019.12.010
https://doi.org/10.3389/fonc.2018.00086
https://doi.org/10.1111/j.1600-6143.2012.04224.x
https://doi.org/10.7150/jca.49325
https://doi.org/10.3389/fcell.2020.00672
https://doi.org/10.1080/21645515.2019.1571892
https://doi.org/10.1016/S1470-2045(15)70054-9
https://doi.org/10.1111/jdv.15992
https://doi.org/10.1126/science.aan6733
https://www.ncbi.nlm.nih.gov/pubmed/28596308
https://doi.org/10.1177/17588359211066272
https://www.ncbi.nlm.nih.gov/pubmed/35035534
https://doi.org/10.1038/s41598-019-47910-1
https://doi.org/10.1038/s41571-021-00473-5
https://www.ncbi.nlm.nih.gov/pubmed/33580222

Cells 2024, 13, 337 20 of 26

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Akinleye, A.; Rasool, Z. Immune Checkpoint Inhibitors of PD-L1 as Cancer Therapeutics. J. Hematol. Oncol. 2019, 12, 92.
[CrossRef]

Rosenberg, J.E.; Hoffman-Censits, J.; Powles, T.; van der Heijden, M.S,; Balar, A.V.; Necchi, A.; Dawson, N.; O’'Donnell, PH.;
Balmanoukian, A.; Loriot, Y.; et al. Atezolizumab in Patients with Locally Advanced and Metastatic Urothelial Carcinoma Who
Have Progressed Following Treatment with Platinum-Based Chemotherapy: A Single-Arm, Multicentre, Phase 2 Trial. Lancet
2016, 387, 1909-1920. [CrossRef]

West, H.; McCleod, M.; Hussein, M.; Morabito, A.; Rittmeyer, A.; Conter, H.].; Kopp, H.-G.; Daniel, D.; McCune, S.; Mekhail, T.;
et al. Atezolizumab in Combination with Carboplatin plus Nab-Paclitaxel Chemotherapy Compared with Chemotherapy Alone
as First-Line Treatment for Metastatic Non-Squamous Non-Small-Cell Lung Cancer (IMpower130): A Multicentre, Randomised,
Open-Label, Phase 3 Trial. Lancet Oncol. 2019, 20, 924-937. [CrossRef]

Socinski, M.A; Jotte, RM.; Cappuzzo, F,; Orlandi, F,; Stroyakovskiy, D.; Nogami, N.; Rodriguez-Abreu, D.; Moro-Sibilot, D.;
Thomas, C.A.; Barlesi, F,; et al. Atezolizumab for First-Line Treatment of Metastatic Nonsquamous NSCLC. N. Engl. ]. Med. 2018,
378, 2288-2301. [CrossRef]

Horn, L.; Mansfield, A.S.; Szczesna, A.; Havel, L.; Krzakowski, M.; Hochmair, M.].; Huemer, F,; Losonczy, G.; Johnson, M.L.;
Nishio, M.; et al. First-Line Atezolizumab plus Chemotherapy in Extensive-Stage Small-Cell Lung Cancer. N. Engl. |. Med. 2018,
379, 2220-2229. [CrossRef] [PubMed]

Powles, T.; O’'Donnell, PH.; Massard, C.; Arkenau, H.-T.; Friedlander, TW.; Hoimes, C.J.; Lee, ].L.; Ong, M.; Sridhar, S.S.;
Vogelzang, N.J.; et al. Efficacy and Safety of Durvalumab in Locally Advanced or Metastatic Urothelial Carcinoma: Updated
Results From a Phase 1/2 Open-Label Study. JAMA Oncol. 2017, 3, €172411. [CrossRef] [PubMed]

Apolo, A.B,; Infante, J.R.; Balmanoukian, A.; Patel, M.R.; Wang, D.; Kelly, K.; Mega, A.E.; Britten, C.D.; Ravaud, A.; Mita, A.C,;
et al. Avelumab, an Anti-Programmed Death-Ligand 1 Antibody, In Patients with Refractory Metastatic Urothelial Carcinoma:
Results From a Multicenter, Phase Ib Study. J. Clin. Oncol. 2017, 35, 2117-2124. [CrossRef] [PubMed]

Patel, M.R,; Ellerton, J.; Infante, J.R.; Agrawal, M.; Gordon, M.; Aljumaily, R.; Britten, C.D.; Dirix, L.; Lee, K.-W.; Taylor, M.;
et al. Avelumab in Metastatic Urothelial Carcinoma after Platinum Failure (JAVELIN Solid Tumor): Pooled Results from Two
Expansion Cohorts of an Open-Label, Phase 1 Trial. Lancet Oncol. 2018, 19, 51-64. [CrossRef] [PubMed]

Kaufman, H.L.; Russell, J.; Hamid, O.; Bhatia, S.; Terheyden, P.; D’ Angelo, S.P,; Shih, K.C.; Lebbé, C.; Linette, G.P.; Milella, M.;
et al. Avelumab in Patients with Chemotherapy-Refractory Metastatic Merkel Cell Carcinoma: A Multicentre, Single-Group,
Open-Label, Phase 2 Trial. Lancet Oncol. 2016, 17, 1374-1385. [CrossRef] [PubMed]

Krummel, M.F,; Allison, J.P. CD28 and CTLA-4 Have Opposing Effects on the Response of T Cells to Stimulation. J. Exp. Med.
1995, 182, 459-465. [CrossRef] [PubMed]

Linsley, P.S.; Brady, W.; Urnes, M.; Grosmaire, L.S.; Damle, N.K.; Ledbetter, ].A. CTLA-4 Is a Second Receptor for the B Cell
Activation Antigen B7. J. Exp. Med. 1991, 174, 561-569. [CrossRef] [PubMed]

Leach, D.R.; Krummel, M.E; Allison, J.P. Enhancement of Antitumor Immunity by CTLA-4 Blockade. Science 1996, 271, 1734-1736.
[CrossRef]

Callahan, M.K.; Wolchok, J.D. At the Bedside: CTLA-4- and PD-1-Blocking Antibodies in Cancer Immunotherapy. J. Leukoc. Biol.
2013, 94, 41-53. [CrossRef]

Mullard, A. FDA Approves First Inmunotherapy Combo. Nat. Rev. Drug Discov. 2015, 14, 739. [CrossRef]

Lisi, L.; Lacal, PM.; Martire, M.; Navarra, P.; Graziani, G. Clinical Experience with CTLA-4 Blockade for Cancer Immunother-
apy: From the Monospecific Monoclonal Antibody Ipilimumab to Probodies and Bispecific Molecules Targeting the Tumor
Microenvironment. Pharmacol. Res. 2022, 175, 105997. [CrossRef] [PubMed]

Ernstoff, M.S.; Puzanov, L; Robert, C.; Diab, A.; Hersey, P. SITC’s Guide to Managing Immunotherapy Toxicity, 1st ed.; Demos Medical
Publishing: New York, NY, USA, 2019; ISBN 9780826172143.

Patwekar, M.; Sehar, N.; Patwekar, F; Medikeri, A.; Ali, S.; Aldossri, R.M.; Rehman, M.U. Novel Immune Checkpoint Targets: A
Promising Therapy for Cancer Treatments. Int. Immunopharmacol. 2024, 126, 111186. [CrossRef] [PubMed]

Riazifar, M.; Pone, E.J.; Lotvall, J.; Zhao, W. Stem Cell Extracellular Vesicles: Extended Messages of Regeneration. Annu. Rev.
Pharmacol. Toxicol. 2017, 57, 125-154. [CrossRef] [PubMed]

Yanez-Mo, M.; Siljander, PR.-M.; Andreu, Z.; Zavec, A.B.; Borras, F.E.; Buzas, E.I; Buzas, K.; Casal, E.; Cappello, F.; Carvalho,
J.; et al. Biological Properties of Extracellular Vesicles and Their Physiological Functions. J. Extracell. Vesicles 2015, 4, 27066.
[CrossRef] [PubMed]

Valadi, H.; Ekstrom, K.; Bossios, A.; Sjostrand, M.; Lee, ].].; Lotvall, J.O. Exosome-Mediated Transfer of MRNAs and MicroRNAs
Is a Novel Mechanism of Genetic Exchange between Cells. Nat. Cell Biol. 2007, 9, 654. [CrossRef] [PubMed]

Lotvall, J.; Hill, A.F.; Hochberg, E.; Buzés, E.I; Di Vizio, D.; Gardiner, C.; Gho, Y.S.; Kurochkin, I.V.; Mathivanan, S.; Quesenberry,
P, et al. Minimal Experimental Requirements for Definition of Extracellular Vesicles and Their Functions: A Position Statement
from the International Society for Extracellular Vesicles. J. Extracell. Vesicles 2014, 3, 26913. [CrossRef] [PubMed]

Théry, C.; Witwer, KW.; Aikawa, E.; Alcaraz, M.].; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, E;
Atkin-Smith, G.K;; et al. Minimal Information for Studies of Extracellular Vesicles 2018 (MISEV2018): A Position Statement of the
International Society for Extracellular Vesicles and Update of the MISEV2014 Guidelines. J. Extracell. Vesicles 2018, 7, 1535750.
[CrossRef]


https://doi.org/10.1186/s13045-019-0779-5
https://doi.org/10.1016/S0140-6736(16)00561-4
https://doi.org/10.1016/S1470-2045(19)30167-6
https://doi.org/10.1056/NEJMoa1716948
https://doi.org/10.1056/NEJMoa1809064
https://www.ncbi.nlm.nih.gov/pubmed/30280641
https://doi.org/10.1001/jamaoncol.2017.2411
https://www.ncbi.nlm.nih.gov/pubmed/28817753
https://doi.org/10.1200/JCO.2016.71.6795
https://www.ncbi.nlm.nih.gov/pubmed/28375787
https://doi.org/10.1016/S1470-2045(17)30900-2
https://www.ncbi.nlm.nih.gov/pubmed/29217288
https://doi.org/10.1016/S1470-2045(16)30364-3
https://www.ncbi.nlm.nih.gov/pubmed/27592805
https://doi.org/10.1084/jem.182.2.459
https://www.ncbi.nlm.nih.gov/pubmed/7543139
https://doi.org/10.1084/jem.174.3.561
https://www.ncbi.nlm.nih.gov/pubmed/1714933
https://doi.org/10.1126/science.271.5256.1734
https://doi.org/10.1189/jlb.1212631
https://doi.org/10.1038/nrd4779
https://doi.org/10.1016/j.phrs.2021.105997
https://www.ncbi.nlm.nih.gov/pubmed/34826600
https://doi.org/10.1016/j.intimp.2023.111186
https://www.ncbi.nlm.nih.gov/pubmed/37979454
https://doi.org/10.1146/annurev-pharmtox-061616-030146
https://www.ncbi.nlm.nih.gov/pubmed/27814025
https://doi.org/10.3402/jev.v4.27066
https://www.ncbi.nlm.nih.gov/pubmed/25979354
https://doi.org/10.1038/ncb1596
https://www.ncbi.nlm.nih.gov/pubmed/17486113
https://doi.org/10.3402/jev.v3.26913
https://www.ncbi.nlm.nih.gov/pubmed/25536934
https://doi.org/10.1080/20013078.2018.1535750

Cells 2024, 13, 337 21 of 26

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Cocucci, E.; Meldolesi, J. Ectosomes and Exosomes: Shedding the Confusion between Extracellular Vesicles. Trends Cell Biol. 2015,
25,364-372. [CrossRef]

Robbins, P.D.; Morelli, A.E. Regulation of Inmune Responses by Extracellular Vesicles. Nat. Rev. Immunol. 2014, 14, 195-208.
[CrossRef]

Ginini, L.; Billan, S.; Fridman, E.; Gil, Z. Insight into Extracellular Vesicle-Cell Communication: From Cell Recognition to
Intracellular Fate. Cells 2022, 11, 1375. [CrossRef]

Albanese, M.; Chen, Y.-F.A_; Hiils, C.; Gértner, K.; Tagawa, T.; Mejias-Perez, E.; Keppler, O.T.; Gobel, C.; Zeidler, R.; Shein, M.;
et al. MicroRNAs Are Minor Constituents of Extracellular Vesicles That Are Rarely Delivered to Target Cells. PLoS Genet. 2021,
17, €1009951. [CrossRef]

Lotvall, J.; Valadi, H. Cell to Cell Signalling via Exosomes Through EsRNA. Cell Adh. Migr. 2007, 1, 156-158. [CrossRef]
Vannini, I.; Rossi, T.; Melloni, M.; Valgiusti, M.; Urbini, M.; Passardi, A.; Bartolini, G.; Gallio, C.; Azzali, I.; Bandini, S.; et al.
Analysis of EVs from Patients with Advanced Pancreatic Cancer Identifies Antigens and MiRNAs with Predictive Value. Mol.
Ther. Methods Clin. Dev. 2023, 29, 473-482. [CrossRef]

Urabe, F,; Kosaka, N.; Ito, K.; Kimura, T.; Egawa, S.; Ochiya, T. Extracellular Vesicles as Biomarkers and Therapeutic Targets for
Cancer. Am. J. Physiol. Cell Physiol. 2020, 318, C29-C39. [CrossRef]

van der Pol, E.; Boing, A.N.; Harrison, P,; Sturk, A.; Nieuwland, R. Classification, Functions, and Clinical Relevance of Extracellular
Vesicles. Pharmacol. Rev. 2012, 64, 676-705. [CrossRef]

Abels, E.R.; Breakefield, X.O. Introduction to Extracellular Vesicles: Biogenesis, RNA Cargo Selection, Content, Release, and
Uptake. Cell. Mol. Neurobiol. 2016, 36, 301-312. [CrossRef]

Gerlinger, M.; Rowan, A.].; Horswell, S.; Larkin, J.; Endesfelder, D.; Gronroos, E.; Martinez, P.; Matthews, N.; Stewart, A.; Tarpey,
P; et al. Intratumor Heterogeneity and Branched Evolution Revealed by Multiregion Sequencing. N. Engl. ]. Med. 2012, 366,
883-892. [CrossRef]

Vaidyanathan, R.; Soon, R.H.; Zhang, P; Jiang, K.; Lim, C.T. Cancer Diagnosis: From Tumor to Liquid Biopsy and Beyond. Lab
Chip 2018, 19, 11-34. [CrossRef] [PubMed]

Johnstone, RM.; Adam, M.; Hammond, J.R.; Orr, L.; Turbide, C. Vesicle Formation during Reticulocyte Maturation. Association
of Plasma Membrane Activities with Released Vesicles (Exosomes). J. Biol. Chem. 1987, 262, 9412-9420. [CrossRef] [PubMed]
Harding, C.; Heuser, J.; Stahl, P. Receptor-mediated endocytosis of transferrin and recycling of the transferrin receptor in rat
reticulocytes. . Cell Biol. 1983, 97, 329-339. [CrossRef] [PubMed]

Gould, S.J.; Booth, A.M.; Hildreth, ].E.K. The Trojan Exosome Hypothesis. Proc. Natl. Acad. Sci. USA 2003, 100, 10592-10597.
[CrossRef]

Bebelman, M.P,; Smit, M.].; Pegtel, D.M.; Baglio, S.R. Biogenesis and Function of Extracellular Vesicles in Cancer. Pharmacol. Ther.
2018, 188, 1-11. [CrossRef]

Hessvik, N.P,; Llorente, A. Current Knowledge on Exosome Biogenesis and Release. Cell. Mol. Life Sci. 2018, 75, 193-208.
[CrossRef]

Hurley, ].H.; Wollert, T. Molecular Mechanism of Multivesicular Body Biogenesis by ESCRT Complexes. Nature 2010, 464, 864-869.
[CrossRef]

Colombo, M.; Raposo, G.; Théry, C. Biogenesis, Secretion, and Intercellular Interactions of Exosomes and Other Extracellular
Vesicles. Annu. Rev. Cell Dev. Biol. 2014, 30, 255-289. [CrossRef] [PubMed]

Trajkovic, K.; Hsu, C.; Chiantia, S.; Rajendran, L.; Wenzel, D.; Wieland, F,; Schwille, P.; Briigger, B.; Simons, M. Ceramide Triggers
Budding of Exosome Vesicles into Multivesicular Endosomes. Science 2008, 319, 1244-1247. [CrossRef] [PubMed]

Kahlert, C.; Kalluri, R. Exosomes in Tumor Microenvironment Influence Cancer Progression and Metastasis. J. Mol. Med. 2013, 91,
431-437. [CrossRef] [PubMed]

Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The Next Generation. Cell 2011, 144, 646-674. [CrossRef] [PubMed]

Chaffer, C.L.; Weinberg, R.A. A Perspective on Cancer Cell Metastasis. Science 2011, 331, 1559-1564. [CrossRef] [PubMed]
Marusyk, A.; Tabassum, D.P,; Altrock, PM.; Almendro, V.; Michor, E; Polyak, K. Non-Cell-Autonomous Driving of Tumour
Growth Supports Sub-Clonal Heterogeneity. Nature 2014, 514, 54-58. [CrossRef] [PubMed]

Kalluri, R. The Biology and Function of Exosomes in Cancer. J. Clin. Investig. 2016, 126, 1208-1215. [CrossRef] [PubMed]

Liu, Y; Cao, X. Characteristics and Significance of the Pre-Metastatic Niche. Cancer Cell 2016, 30, 668-681. [CrossRef] [PubMed]
Hoshino, A.; Costa-Silva, B.; Shen, T.-L.; Rodrigues, G.; Hashimoto, A.; Mark, M.T.; Molina, H.; Kohsaka, S.; Di Giannatale, A.;
Ceder, S.; et al. Tumour Exosome Integrins Determine Organotropic Metastasis. Nature 2015, 527, 329-335. [CrossRef] [PubMed]
Deng, J.; Liu, Y.; Lee, H.; Herrmann, A.; Zhang, W.; Zhang, C.; Shen, S.; Priceman, S.J.; Kujawski, M.; Pal, S.K,; et al. SIPR1-STAT3
Signaling Is Crucial for Myeloid Cell Colonization at Future Metastatic Sites. Cancer Cell 2012, 21, 642-654. [CrossRef] [PubMed]
Guo, Y,; Ji, X;; Liu, J.; Fan, D.; Zhou, Q.; Chen, C.; Wang, W.; Wang, G.; Wang, H.; Yuan, W,; et al. Effects of Exosomes on
Pre-Metastatic Niche Formation in Tumors. Mol. Cancer 2019, 18, 39. [CrossRef] [PubMed]

Kong, J.; Tian, H.; Zhang, F.; Zhang, Z.; Li, J.; Liu, X,; Li, X,; Liu, J.; Li, X;; Jin, D.; et al. Extracellular Vesicles of Carcinoma-
Associated Fibroblasts Creates a Pre-Metastatic Niche in the Lung through Activating Fibroblasts. Mol. Cancer 2019, 18, 175.
[CrossRef] [PubMed]


https://doi.org/10.1016/j.tcb.2015.01.004
https://doi.org/10.1038/nri3622
https://doi.org/10.3390/cells11091375
https://doi.org/10.1371/journal.pgen.1009951
https://doi.org/10.4161/cam.1.3.5114
https://doi.org/10.1016/j.omtm.2023.05.009
https://doi.org/10.1152/ajpcell.00280.2019
https://doi.org/10.1124/pr.112.005983
https://doi.org/10.1007/s10571-016-0366-z
https://doi.org/10.1056/NEJMoa1113205
https://doi.org/10.1039/C8LC00684A
https://www.ncbi.nlm.nih.gov/pubmed/30480287
https://doi.org/10.1016/S0021-9258(18)48095-7
https://www.ncbi.nlm.nih.gov/pubmed/3597417
https://doi.org/10.1083/jcb.97.2.329
https://www.ncbi.nlm.nih.gov/pubmed/6309857
https://doi.org/10.1073/pnas.1831413100
https://doi.org/10.1016/j.pharmthera.2018.02.013
https://doi.org/10.1007/s00018-017-2595-9
https://doi.org/10.1038/nature08849
https://doi.org/10.1146/annurev-cellbio-101512-122326
https://www.ncbi.nlm.nih.gov/pubmed/25288114
https://doi.org/10.1126/science.1153124
https://www.ncbi.nlm.nih.gov/pubmed/18309083
https://doi.org/10.1007/s00109-013-1020-6
https://www.ncbi.nlm.nih.gov/pubmed/23519402
https://doi.org/10.1016/j.cell.2011.02.013
https://www.ncbi.nlm.nih.gov/pubmed/21376230
https://doi.org/10.1126/science.1203543
https://www.ncbi.nlm.nih.gov/pubmed/21436443
https://doi.org/10.1038/nature13556
https://www.ncbi.nlm.nih.gov/pubmed/25079331
https://doi.org/10.1172/JCI81135
https://www.ncbi.nlm.nih.gov/pubmed/27035812
https://doi.org/10.1016/j.ccell.2016.09.011
https://www.ncbi.nlm.nih.gov/pubmed/27846389
https://doi.org/10.1038/nature15756
https://www.ncbi.nlm.nih.gov/pubmed/26524530
https://doi.org/10.1016/j.ccr.2012.03.039
https://www.ncbi.nlm.nih.gov/pubmed/22624714
https://doi.org/10.1186/s12943-019-0995-1
https://www.ncbi.nlm.nih.gov/pubmed/30857545
https://doi.org/10.1186/s12943-019-1101-4
https://www.ncbi.nlm.nih.gov/pubmed/31796058

Cells 2024, 13, 337 22 of 26

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Zeng, Z.;Li,Y;; Pan, Y.; Lan, X.; Song, F; Sun, J.; Zhou, K; Liu, X.; Ren, X.; Wang, F.; et al. Cancer-Derived Exosomal MiR-25-3p
Promotes Pre-Metastatic Niche Formation by Inducing Vascular Permeability and Angiogenesis. Nat. Commun. 2018, 9, 5314-5395.
[CrossRef] [PubMed]

Liu, Y;; Gu, Y.; Cao, X. The Exosomes in Tumor Immunity. Oncoimmunology 2015, 4, €1027472. [CrossRef]

Boussiotis, V.A. Molecular and Biochemical Aspects of the PD-1 Checkpoint Pathway. N. Engl. |. Med. 2016, 375, 1767-1778.
[CrossRef]

Chen, L.; Han, X. Anti-PD-1/PD-L1 Therapy of Human Cancer: Past, Present, and Future. ]. Clin. Investig. 2015, 125, 3384-3391.
[CrossRef]

Chen, L.; Dong, H.; Strome, S.E.; Salomao, D.R.; Tamura, H.; Hirano, F,; Flies, D.B.; Roche, P.C.; Lu, J.; Zhu, G.; et al. Tumor-
Associated B7-H1 Promotes T-Cell Apoptosis: A Potential Mechanism of Immune Evasion. Nat. Med. 2002, 8, 793-800. [CrossRef]
Gordon, S.R.; Maute, R.L.; Dulken, B.W.; Hutter, G.; George, B.M.; McCracken, M.N.; Gupta, R.; Tsai, ].M.; Sinha, R.; Corey,
D.; et al. PD-1 Expression by Tumour-Associated Macrophages Inhibits Phagocytosis and Tumour Immunity. Nature 2017, 545,
495-499. [CrossRef]

Chen, G.; Huang, A.C.; Zhang, W.; Zhang, G.; Wu, M.; Xu, W,; Yu, Z,; Yang, J.; Wang, B.; Sun, H.; et al. Exosomal PD-L1
Contributes to Immunosuppression and Is Associated with Anti-PD-1 Response. Nature 2018, 560, 382-386. [CrossRef]
Lenardo, M.].; Siegel, R.M.; Chan, EK.-M.; Chun, H.]. The Multifaceted Role of Fas Signaling in Immune Cell Homeostasis and
Autoimmunity. Nat. Immunol. 2000, 1, 469-474. [CrossRef]

Vignard, V.; Labbé, M.; Marec, N.; André-Grégoire, G.; Jouand, N.; Fonteneau, J.-F.; Labarriere, N.; Fradin, D. MicroRNAs in
Tumor Exosomes Drive Immune Escape in Melanoma. Cancer Immunol. Res. 2020, 8, 255-267. [CrossRef] [PubMed]

Vivier, E.; Ugolini, S.; Blaise, D.; Chabannon, C.; Brossay, L. Targeting Natural Killer Cells and Natural Killer T Cells in Cancer.
Nat. Rev. Immunol. 2012, 12, 239-252. [CrossRef]

Mincheva-Nilsson, L.; Baranov, V. Cancer Exosomes and NKG2D Receptor-Ligand Interactions: Impairing NKG2D-Mediated
Cytotoxicity and Anti-Tumour Immune Surveillance. Semin. Cancer Biol. 2014, 28, 24-30. [CrossRef] [PubMed]

Szczepanski, M.].; Szajnik, M.; Welsh, A.; Whiteside, T.L.; Boyiadzis, M. Blast-Derived Microvesicles in Sera from Patients with
Acute Myeloid Leukemia Suppress Natural Killer Cell Function via Membrane-Associated Transforming Growth Factor- 1.
Huaematologica 2011, 96, 1302-1309. [CrossRef]

Kunigelis, K.E.; Graner, M.W. The Dichotomy of Tumor Exosomes (TEX) in Cancer Immunity: Is It All in the ConTEXt? Vaccines
2015, 3, 1019-1051. [CrossRef]

Valenti, R.; Huber, V.; Iero, M; Filipazzi, P.; Parmiani, G.; Rivoltini, L. Tumor-Released Microvesicles as Vehicles of Immunosup-
pression. Cancer Res. 2007, 67, 2912-2915. [CrossRef]

Yu, S,; Liu, C; Su, K.; Wang, J.; Liu, Y.; Zhang, L.; Li, C.; Cong, Y.; Kimberly, R.; Grizzle, W.E.; et al. Tumor Exosomes Inhibit
Differentiation of Bone Marrow Dendritic Cells. J. Immunol. 2007, 178, 6867—6875. [CrossRef]

Liu, Y;; Xiang, X.; Zhuang, X.; Zhang, S.; Liu, C.; Cheng, Z.; Michalek, S.; Grizzle, W.; Zhang, H.-G. Contribution of MyD88 to the
Tumor Exosome-Mediated Induction of Myeloid Derived Suppressor Cells. Am. . Pathol. 2010, 176, 2490-2499. [CrossRef]
Baj-Krzyworzeka, M.; Mytar, B.; Szatanek, R.; Surmiak, M.; Weglarczyk, K.; Baran, ].; Siedlar, M. Colorectal Cancer-Derived
Microvesicles Modulate Differentiation of Human Monocytes to Macrophages. J. Transl. Med. 2016, 14, 36. [CrossRef]
Gabrusiewicz, K.; Li, X.; Wei, ].; Hashimoto, Y.; Marisetty, A.L.; Ott, M.; Wang, F.; Hawke, D.; Yu, J.; Healy, L.M.; et al. Glioblastoma
Stem Cell-Derived Exosomes Induce M2 Macrophages and PD-L1 Expression on Human Monocytes. Oncoimmunology 2018, 7,
€1412909. [CrossRef]

Ying, X.; Wu, Q.; Wu, X.; Zhu, Q.; Wang, X.; Jiang, L.; Chen, X.; Wang, X. Epithelial Ovarian Cancer-Secreted Exosomal MiR-222-3p
Induces Polarization of Tumor-Associated Macrophages. Oncotarget 2016, 7, 43076-43087. [CrossRef] [PubMed]

Xiong, J.; He, X.; Xu, Y.; Zhang, W.; Fu, F. MiR-200b Is Upregulated in Plasma-Derived Exosomes and Functions as an Oncogene
by Promoting Macrophage M2 Polarization in Ovarian Cancer. J. Ovarian Res. 2021, 14, 74. [CrossRef] [PubMed]

McAllister, S.S.; Weinberg, R.A. The Tumour-Induced Systemic Environment as a Critical Regulator of Cancer Progression and
Metastasis. Nat. Cell Biol. 2014, 16, 717-727. [CrossRef] [PubMed]

Cooks, T.; Pateras, L.S.; Jenkins, L.M.; Patel, K.M.; Robles, A.I; Morris, J.; Forshew, T.; Appella, E.; Gorgoulis, V.G.; Harris, C.C.
Mutant P53 Cancers Reprogram Macrophages to Tumor Supporting Macrophages via Exosomal MiR-1246. Nat. Commun. 2018, 9,
715-771. [CrossRef] [PubMed]

Szajnik, M.; Czystowska, M.; Szczepanski, M.].; Mandapathil, M.; Whiteside, T.L. Tumor-Derived Microvesicles Induce, Expand
and Up-Regulate Biological Activities of Human Regulatory T Cells (Treg). PLoS ONE 2010, 5, €11469. [CrossRef] [PubMed]
Wada, J.; Onishi, H.; Suzuki, H.; Yamasaki, A.; Nagai, S.; Morisaki, T.; Katano, M. Surface-Bound TGF-Betal on Effusion-Derived
Exosomes Participates in Maintenance of Number and Suppressive Function of Regulatory T-Cells in Malignant Effusions.
Anticancer Res. 2010, 30, 3747-3757. [PubMed]

Gao, Y,; Xu, H,; Li, N.; Wang, H.; Ma, L.; Chen, S.; Liu, J.; Zheng, Y.; Zhang, Y. Renal Cancer-Derived Exosomes Induce Tumor
Immune Tolerance by MDSCs-Mediated Antigen-Specific Immunosuppression. Cell Commun. Signal. 2020, 18, 106. [CrossRef]
Theodoraki, M.-N.; Yerneni, S.S.; Hoffmann, T.K.; Gooding, W.E.; Whiteside, T.L. Clinical Significance of PD-L1+ Exosomes in
Plasma of Head and Neck Cancer Patients. Clin. Cancer Res. 2018, 24, 896-905. [CrossRef]


https://doi.org/10.1038/s41467-018-07810-w
https://www.ncbi.nlm.nih.gov/pubmed/30568162
https://doi.org/10.1080/2162402X.2015.1027472
https://doi.org/10.1056/NEJMra1514296
https://doi.org/10.1172/JCI80011
https://doi.org/10.1038/nm730
https://doi.org/10.1038/nature22396
https://doi.org/10.1038/s41586-018-0392-8
https://doi.org/10.1038/82712
https://doi.org/10.1158/2326-6066.CIR-19-0522
https://www.ncbi.nlm.nih.gov/pubmed/31857348
https://doi.org/10.1038/nri3174
https://doi.org/10.1016/j.semcancer.2014.02.010
https://www.ncbi.nlm.nih.gov/pubmed/24602822
https://doi.org/10.3324/haematol.2010.039743
https://doi.org/10.3390/vaccines3041019
https://doi.org/10.1158/0008-5472.CAN-07-0520
https://doi.org/10.4049/jimmunol.178.11.6867
https://doi.org/10.2353/ajpath.2010.090777
https://doi.org/10.1186/s12967-016-0789-9
https://doi.org/10.1080/2162402X.2017.1412909
https://doi.org/10.18632/oncotarget.9246
https://www.ncbi.nlm.nih.gov/pubmed/27172798
https://doi.org/10.1186/s13048-021-00826-9
https://www.ncbi.nlm.nih.gov/pubmed/34078414
https://doi.org/10.1038/ncb3015
https://www.ncbi.nlm.nih.gov/pubmed/25082194
https://doi.org/10.1038/s41467-018-03224-w
https://www.ncbi.nlm.nih.gov/pubmed/29472616
https://doi.org/10.1371/journal.pone.0011469
https://www.ncbi.nlm.nih.gov/pubmed/20661468
https://www.ncbi.nlm.nih.gov/pubmed/20944164
https://doi.org/10.1186/s12964-020-00611-z
https://doi.org/10.1158/1078-0432.CCR-17-2664

Cells 2024, 13, 337 23 of 26

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.
119.

120.

121.

122.

123.

124.

125.

126.

127.
128.

Shimada, Y.; Matsubayashi, J.; Kudo, Y.; Maehara, S.; Takeuchi, S.; Hagiwara, M.; Kakihana, M.; Ohira, T.; Nagao, T.; Ikeda, N.
Serum-Derived Exosomal PD-L1 Expression to Predict Anti-PD-1 Response and in Patients with Non-Small Cell Lung Cancer.
Sci. Rep. 2021, 11, 7830. [CrossRef]

Lux, A; Kahlert, C.; Griitzmann, R.; Pilarsky, C. C-Met and PD-L1 on Circulating Exosomes as Diagnostic and Prognostic Markers
for Pancreatic Cancer. Int. . Mol. Sci. 2019, 20, 3305. [CrossRef]

Aung, T.; Chapuy, B.; Vogel, D.; Wenzel, D.; Oppermann, M.; Lahmann, M.; Weinhage, T.; Menck, K.; Hupfeld, T.; Koch, R;;
et al. Exosomal Evasion of Humoral Immunotherapy in Aggressive B-Cell Lymphoma Modulated by ATP-Binding Cassette
Transporter A3. Proc. Natl. Acad. Sci. USA 2011, 108, 15336-15341. [CrossRef]

Peng, X.-X.; Yu, R.-Y,; Wu, X,; Wu, S.-Y,; Pi, C,; Chen, Z.-H.; Zhang, X.-C.; Gao, C.-Y.; Shao, YYW.; Liu, L.; et al. Correlation of
Plasma Exosomal MicroRNAs with the Efficacy of Immunotherapy in EGFR / ALK Wild-Type Advanced Non-Small Cell Lung
Cancer. |. Immunother. Cancer 2020, 8, e€000376. [CrossRef]

Monastirioti, A.; Papadaki, C.; Kalapanida, D.; Rounis, K.; Michaelidou, K.; Papadaki, M.A.; Mavroudis, D.; Agelaki, S. Plasma-
Based MicroRNA Expression Analysis in Advanced Stage NSCLC Patients Treated with Nivolumab. Cancers 2022, 14, 4739.
[CrossRef] [PubMed]

Hu, Z.; Chen, G.; Zhao, Y.; Gao, H,; Li, L.; Yin, Y,; Jiang, J.; Wang, L.; Mang, Y.; Gao, Y.; et al. Exosome-Derived CircCCAR1
Promotes CD8 + T-Cell Dysfunction and Anti-PD1 Resistance in Hepatocellular Carcinoma. Mol. Cancer 2023, 22, 55. [CrossRef]
[PubMed]

Zhang, P-F,; Gao, C.; Huang, X.-Y.; Lu, J.-C.; Guo, X.-J.; Shi, G.-M.; Cai, ].-B.; Ke, A.-W. Cancer Cell-Derived Exosomal CircUHRF1
Induces Natural Killer Cell Exhaustion and May Cause Resistance to Anti-PD1 Therapy in Hepatocellular Carcinoma. Mol.
Cancer 2020, 19, 110. [CrossRef] [PubMed]

Chen, S.-W.; Zhu, S.-Q.; Pei, X.; Qiu, B.-Q.; Xiong, D.; Long, X.; Lin, K; Lu, E; Xu, J.-J.; Wu, Y.-B. Cancer Cell-Derived Exosomal
CircUSP7 Induces CD8+ T Cell Dysfunction and Anti-PD1 Resistance by Regulating the MiR-934/SHP2 Axis in NSCLC. Mol.
Cancer 2021, 20, 144. [CrossRef]

Kim, H.S.; Bojmar, L.; Gyan, K.E.; Cioffi, M.; Hernandez, J.; Rodrigues, G.; Molina, H.; Heissel, S.; Mark, M.T.; Benito-Martin, A;
et al. Extracellular Vesicle and Particle Biomarkers Define Multiple Human Cancers. Cell 2020, 182, 1044-1061.e18. [CrossRef]
Del Re, M.; Marconcini, R.; Pasquini, G.; Rofi, E.; Vivaldi, C.; Bloise, F; Restante, G.; Arrigoni, E.; Caparello, C.; Bianco, M.G; et al.
PD-L1 MRNA Expression in Plasma-Derived Exosomes Is Associated with Response to Anti-PD-1 Antibodies in Melanoma and
NSCLC. Br. J. Cancer 2018, 118, 820-824. [CrossRef]

Eslami-S, Z.; Cortés-Hernandez, L.E.; Alix-Panabiéres, C. The Metastatic Cascade as the Basis for Liquid Biopsy Development.
Front. Oncol. 2020, 10, 1055. [CrossRef] [PubMed]

Andrikou, K.; Rossi, T.; Verlicchi, A.; Priano, I.; Cravero, P; Burgio, M.A.; Crino, L.; Bandini, S.; Ulivi, P,; Delmonte, A. Circulating
Tumour Cells: Detection and Application in Advanced Non-Small Cell Lung Cancer. Int. ]. Mol. Sci. 2023, 24, 16085. [CrossRef]
Rossi, T.; Gallerani, G.; Martinelli, G.; Maltoni, R.; Fabbri, F. Circulating Tumor Cells as a Tool to Untangle the Breast Cancer
Heterogeneity Issue. Biomedicines 2021, 9, 1242. [CrossRef] [PubMed]

de Wit, S.; van Dalum, G.; Terstappen, L.W.M.M. Detection of Circulating Tumor Cells. Scientifica 2014, 2014, 819311-819362.
[CrossRef]

Williams, S.C.P. Circulating Tumor Cells. Proc. Natl. Acad. Sci. USA 2013, 110, 4861. [CrossRef]

Kim, B.J.; Hannanta-anan, P.; Chau, M.; Kim, Y.S.; Swartz, M.A.; Wu, M. Cooperative Roles of SDF-1x and EGF Gradients on
Tumor Cell Migration Revealed by a Robust 3D Microfluidic Model. PLoS ONE 2013, 8, e68422. [CrossRef] [PubMed]

Shi, R.; Liao, C.; Zhang, Q. Hypoxia-Driven Effects in Cancer: Characterization, Mechanisms, and Therapeutic Implications. Cells
2021, 10, 678. [CrossRef]

Micalizzi, D.S.; Maheswaran, S.; Haber, D.A. A Conduit to Metastasis: Circulating Tumor Cell Biology. Genes Dev. 2017, 31,
1827-1840. [CrossRef]

Bockhorn, M.; Jain, R.K.; Munn, L.L. Ramucirumab plus Paclitaxel versus Placebo plus Paclitaxel in Patients with Previously
Treated Advanced Gastric or Gastro-Oesophageal Junction Adenocarcinoma (RAINBOW): A Double-Blind, Randomised Phase 3
Trial. Lancet Oncol. 2007, 8, 444. [CrossRef] [PubMed]

Wong, S.Y.; Hynes, R.O. Lymphatic or Hematogenous Dissemination: How Does a Metastatic Tumor Cell Decide? Cell Cycle 2006,
5,812-817. [CrossRef] [PubMed]

Lambert, A.W.; Pattabiraman, D.R.; Weinberg, R.A. Emerging Biological Principles of Metastasis. Cell 2017, 168, 670-691.
[CrossRef] [PubMed]

Aceto, N.; Bardia, A.; Miyamoto, D.T.; Donaldson, M.C.; Wittner, B.S.; Spencer, J.A.; Yu, M.; Pely, A.; Engstrom, A.; Zhu, H.; et al.
Circulating Tumor Cell Clusters Are Oligoclonal Precursors of Breast Cancer Metastasis. Cell 2014, 158, 1110-1122. [CrossRef]
[PubMed]

Paoletti, C.; Miao, J.; Dolce, E.M.; Darga, E.P.; Repollet, ML.L.; Doyle, G.V.; Gralow, ].R.; Hortobagyi, G.N.; Smerage, ].B.; Barlow,
W.E,; et al. Circulating Tumor Cell Clusters in Patients with Metastatic Breast Cancer: A SWOG S0500 Translational Medicine
Study. Clin. Cancer Res. 2019, 25, 6089-6097. [CrossRef]

Paget, S. The Distribution of Secondary Growths in Cancer of the Breast. Cancer Metastasis Rev. 1889, 133, 571-573. [CrossRef]
Langley, R.R; Fidler, 1]. The Seed and Soil Hypothesis Revisited—The Role of Tumor-stroma Interactions in Metastasis to
Different Organs. Int. . Cancer 2011, 128, 2527-2535. [CrossRef]


https://doi.org/10.1038/s41598-021-87575-3
https://doi.org/10.3390/ijms20133305
https://doi.org/10.1073/pnas.1102855108
https://doi.org/10.1136/jitc-2019-000376
https://doi.org/10.3390/cancers14194739
https://www.ncbi.nlm.nih.gov/pubmed/36230658
https://doi.org/10.1186/s12943-023-01759-1
https://www.ncbi.nlm.nih.gov/pubmed/36932387
https://doi.org/10.1186/s12943-020-01222-5
https://www.ncbi.nlm.nih.gov/pubmed/32593303
https://doi.org/10.1186/s12943-021-01448-x
https://doi.org/10.1016/j.cell.2020.07.009
https://doi.org/10.1038/bjc.2018.9
https://doi.org/10.3389/fonc.2020.01055
https://www.ncbi.nlm.nih.gov/pubmed/32850309
https://doi.org/10.3390/ijms242216085
https://doi.org/10.3390/biomedicines9091242
https://www.ncbi.nlm.nih.gov/pubmed/34572427
https://doi.org/10.1155/2014/819362
https://doi.org/10.1073/pnas.1304186110
https://doi.org/10.1371/journal.pone.0068422
https://www.ncbi.nlm.nih.gov/pubmed/23869217
https://doi.org/10.3390/cells10030678
https://doi.org/10.1101/gad.305805.117
https://doi.org/10.1016/S1470-2045(07)70140-7
https://www.ncbi.nlm.nih.gov/pubmed/17466902
https://doi.org/10.4161/cc.5.8.2646
https://www.ncbi.nlm.nih.gov/pubmed/16627996
https://doi.org/10.1016/j.cell.2016.11.037
https://www.ncbi.nlm.nih.gov/pubmed/28187288
https://doi.org/10.1016/j.cell.2014.07.013
https://www.ncbi.nlm.nih.gov/pubmed/25171411
https://doi.org/10.1158/1078-0432.CCR-19-0208
https://doi.org/10.1016/S0140-6736(00)49915-0
https://doi.org/10.1002/ijc.26031

Cells 2024, 13, 337 24 of 26

129.
130.

131.
132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.
144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Pereira-Veiga, T.; Schneegans, S.; Pantel, K.; Wikman, H. Circulating Tumor Cell-Blood Cell Crosstalk: Biology and Clinical
Relevance. Cell Rep. 2022, 40, 111298. [CrossRef]

Page, C.P; Pitchford, S.C. PLATELETS. Encycl. Respir. Med. 2006, 347-352. [CrossRef]

Mitchell, W.B. Platelets. Ref. Modul. Biomed. Sci. 2014. [CrossRef]

Sylman, J.L.; Boyce, H.B.; Mitrugno, A.; Tormoen, G.W.; Thomas, I.-C.; Wagner, T.H.; Lee, ].S.; Leppert, ].T.; McCarty, O.].T;
Mallick, P. A Temporal Examination of Platelet Counts as a Predictor of Prognosis in Lung, Prostate, and Colon Cancer Patients.
Sci. Rep. 2018, 8, 6511-6564. [CrossRef]

Hinterleitner, C.; Strahle, ].; Malenke, E.; Hinterleitner, M.; Henning, M.; Seehawer, M.; Bilich, T.; Heitmann, J.; Lutz, M.; Mattern,
S.; et al. Platelet PD-L1 Reflects Collective Intratumoral PD-L1 Expression and Predicts Immunotherapy Response in Non-Small
Cell Lung Cancer. Nat. Commun. 2021, 12, 7005. [CrossRef]

Chivukula, VK.; Krog, B.L.; Nauseef, ].T.; Henry, M.D.; Vigmostad, S.C. Alterations in Cancer Cell Mechanical Properties after
Fluid Shear Stress Exposure: A Micropipette Aspiration Study. Cell Health Cytoskelet. 2015, 7, 25-35. [CrossRef]

Ward, M.P;; Kane, L.E.; Norris, L.A.; Mohamed, B.M.; Kelly, T.; Bates, M.; Clarke, A.; Brady, N.; Martin, C.M.; Brooks, R.D.; et al.
Platelets, Immune Cells and the Coagulation Cascade; Friend or Foe of the Circulating Tumour Cell? Mol. Cancer 2021, 20, 59.
[CrossRef]

Palumbo, ].S.; Talmage, K.E.; Massari, J.V.; La Jeunesse, C.M.; Flick, M.].; Kombrinck, K.W.; Degen, J.L. Platelets and Fibrin(Ogen)
Increase Metastatic Potential by Impeding Natural Killer Cell-Mediated Elimination of Tumor Cells. Blood 2024, 105, 178-185.
[CrossRef]

Placke, T,; Orgel, M.; Schaller, M.; Jung, G.; Rammensee, H.-G.; Kopp, H.-G.; Salih, H.R. Platelet-Derived MHC Class I Confers a
Pseudonormal Phenotype to Cancer Cells That Subverts the Antitumor Reactivity of Natural Killer Immune Cells. Cancer Res.
2012, 72, 440-448. [CrossRef] [PubMed]

Radziwon-Balicka, A.; Medina, C.; O'Driscoll, L.; Treumann, A.; Bazou, D.; Inkielewicz-Stepniak, I.; Radomski, A.; Jow, H,;
Radomski, M. Platelets Increase Survival of Adenocarcinoma Cells Challenged with Anticancer Drugs: Mechanisms and
Implications for Chemoresistance. Br. ]. Pharmacol. 2012, 167, 787-804. [CrossRef] [PubMed]

Takagi, S.; Takemoto, A.; Takami, M.; Oh-hara, T.; Fujita, N. Platelets Promote Osteosarcoma Cell Growth through Activation of
the Platelet-derived Growth Factor Receptor-Akt Signaling Axis. Cancer Sci. 2014, 105, 983-988. [CrossRef] [PubMed]

Cho, M.S,; Bottsford-Miller, J.; Vasquez, H.G.; Stone, R.; Zand, B.; Kroll, M.H.; Sood, A.K.; Afshar-Kharghan, V. Platelets Increase
the Proliferation of Ovarian Cancer Cells. Blood 2012, 120, 4869-4872. [CrossRef] [PubMed]

Morris, K.; Schnoor, B.; Papa, A.-L. Platelet Cancer Cell Interplay as a New Therapeutic Target. Biochim. Biophys. Acta Rev. Cancer
2022, 1877, 188770. [CrossRef]

Li, J.; Sharkey, C.C.; Wun, B.; Liesveld, J.L.; King, M.R. Genetic Engineering of Platelets to Neutralize Circulating Tumor Cells. J.
Control. Release 2016, 228, 38-47. [CrossRef] [PubMed]

Mills, C.D. M1 and M2 Macrophages: Oracles of Health and Disease. Crit. Rev. Immunol. 2012, 32, 463—488. [CrossRef]
Hamilton, G.; Rath, B. Circulating Tumor Cell Interactions with Macrophages: Implications for Biology and Treatment. Transl.
Lung Cancer Res. 2017, 6, 418-430. [CrossRef] [PubMed]

Krijgsman, D.; De Vries, N.L.; Andersen, M.N.; Skovbo, A.; Tollenaar, R.A.E.M.; Meller, H.J.; Hokland, M.; Kuppen, PJ.K. CD163
as a Biomarker in Colorectal Cancer: The Expression on Circulating Monocytes and Tumor-Associated Macrophages, and the
Soluble Form in the Blood. Int. J. Mol. Sci. 2020, 21, 5925. [CrossRef] [PubMed]

Wei, C.; Yang, C.; Wang, S.; Shi, D.; Zhang, C.; Lin, X.; Liu, Q.; Dou, R.; Xiong, B. Crosstalk between Cancer Cells and Tumor
Associated Macrophages Is Required for Mesenchymal Circulating Tumor Cell-Mediated Colorectal Cancer Metastasis. Mol.
Cancer 2019, 18, 64. [CrossRef]

Lian, S.; Xie, X.; Lu, Y.; Lee, J. Checkpoint CD47 Function on Tumor Metastasis And Immune Therapy. OncoTargets and Therapy
2019, 12, 9105-9114. [CrossRef]

Mohme, M.; Riethdorf, S.; Pantel, K. Circulating and Disseminated Tumour Cells—Mechanisms of Immune Surveillance and
Escape. Nat. Rev. Clin. Oncol. 2017, 14, 155-167. [CrossRef]

Hamilton, G.; Rath, B.; Klameth, L.; Hochmair, M.]J. Small Cell Lung Cancer: Recruitment of Macrophages by Circulating Tumor
Cells. Oncoimmunology 2016, 5, €1093277. [CrossRef]

Manjunath, Y.; Porciani, D.; Mitchem, ]J.B.; Suvilesh, K.N.; Avella, D.M.; Kimchi, E.T.; Staveley-O’Carroll, K.F,; Burke, D.H.; Li, G,;
Kaifi, ].T. Tumor-Cell-Macrophage Fusion Cells as Liquid Biomarkers and Tumor Enhancers in Cancer. Int. . Mol. Sci. 2020, 21,
1872. [CrossRef]

Adams, D.L.; Martin, S.S.; Alpaugh, K.; Charpentier, M.; Tsai, S.; Bergan, R.C.; Ogden, L.M.; Catalona, W.; Chumsri, S.; Tang,
C.-M,; et al. Circulating Giant Macrophages as a Potential Biomarker of Solid Tumors. Proc. Natl. Acad. Sci. USA 2014, 111,
3514-3519. [CrossRef]

Sutton, T.L.; Walker, B.S.; Wong, M.H. Circulating Hybrid Cells Join the Fray of Circulating Cellular Biomarkers. Cell. Mol.
Gastroenterol. Hepatol. 2019, 8, 595-607. [CrossRef]

Adams, D.L.; Adams, D.K.; Alpaugh, R K.; Cristofanilli, M.; Martin, S.S.; Chumsri, S.; Tang, C.-M.; Marks, J.R. Circulating
Cancer-Associated Macrophage-Like Cells Differentiate Malignant Breast Cancer and Benign Breast Conditions. Cancer Epidemiol.
Biomark. Prev. 2016, 25, 1037-1042. [CrossRef]

Powell, D.R.; Huttenlocher, A. Neutrophils in the Tumor Microenvironment. Trends Immunol. 2016, 37, 41-52. [CrossRef]


https://doi.org/10.1016/j.celrep.2022.111298
https://doi.org/10.1016/B0-12-370879-6/00298-2
https://doi.org/10.1016/B978-0-12-801238-3.00062-3
https://doi.org/10.1038/s41598-018-25019-1
https://doi.org/10.1038/s41467-021-27303-7
https://doi.org/10.2147/CHC.S71852
https://doi.org/10.1186/s12943-021-01347-1
https://doi.org/10.1182/blood-2004-06-2272
https://doi.org/10.1158/0008-5472.CAN-11-1872
https://www.ncbi.nlm.nih.gov/pubmed/22127925
https://doi.org/10.1111/j.1476-5381.2012.01991.x
https://www.ncbi.nlm.nih.gov/pubmed/22506717
https://doi.org/10.1111/cas.12464
https://www.ncbi.nlm.nih.gov/pubmed/24974736
https://doi.org/10.1182/blood-2012-06-438598
https://www.ncbi.nlm.nih.gov/pubmed/22966171
https://doi.org/10.1016/j.bbcan.2022.188770
https://doi.org/10.1016/j.jconrel.2016.02.036
https://www.ncbi.nlm.nih.gov/pubmed/26921521
https://doi.org/10.1615/CritRevImmunol.v32.i6.10
https://doi.org/10.21037/tlcr.2017.07.04
https://www.ncbi.nlm.nih.gov/pubmed/28904886
https://doi.org/10.3390/ijms21165925
https://www.ncbi.nlm.nih.gov/pubmed/32824692
https://doi.org/10.1186/s12943-019-0976-4
https://doi.org/10.2147/OTT.S220196
https://doi.org/10.1038/nrclinonc.2016.144
https://doi.org/10.1080/2162402X.2015.1093277
https://doi.org/10.3390/ijms21051872
https://doi.org/10.1073/pnas.1320198111
https://doi.org/10.1016/j.jcmgh.2019.07.002
https://doi.org/10.1158/1055-9965.EPI-15-1221
https://doi.org/10.1016/j.it.2015.11.008

Cells 2024, 13, 337 25 of 26

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Hedrick, C.C.; Malanchi, I. Neutrophils in Cancer: Heterogeneous and Multifaceted. Nat. Rev. Immunol. 2022, 22, 173-187.
[CrossRef] [PubMed]

Masucci, M.T.; Minopoli, M.; Del Vecchio, S.; Carriero, M.V. The Emerging Role of Neutrophil Extracellular Traps (NETs) in
Tumor Progression and Metastasis. Front. Immunol. 2020, 11, 1749. [CrossRef] [PubMed]

Iriondo, O.; Yu, M. Unexpected Friendship: Neutrophils Help Tumor Cells En Route to Metastasis. Dev. Cell 2019, 49, 308-310.
[CrossRef]

Szczerba, B.M.; Castro-Giner, E; Vetter, M.; Krol, I.; Gkountela, S.; Landin, J.; Scheidmann, M.C.; Donato, C.; Scherrer, R.; Singer,
J.; et al. Neutrophils Escort Circulating Tumour Cells to Enable Cell Cycle Progression. Nature 2019, 566, 553-557. [CrossRef]
[PubMed]

Fridlender, Z.G.; Sun, J.; Kim, S.; Kapoor, V.; Cheng, G.; Ling, L.; Worthen, G.S.; Albelda, S.M. Polarization of Tumor-Associated
Neutrophil Phenotype by TGF-3: “N1” versus “N2” TAN. Cancer Cell 2009, 16, 183-194. [CrossRef] [PubMed]

Li, D.; Shao, J.; Cao, B.; Zhao, R.; Li, H.; Gao, W.; Chen, P; Jin, L.; Cao, L.; Ji, S.; et al. The Significance of Neutrophil Extracellular
Traps in Colorectal Cancer and Beyond: From Bench to Bedside. Front. Oncol. 2022, 12, 848594. [CrossRef] [PubMed]

Kwak, S.-B.; Kim, S.J.; Kim, J.; Kang, Y.-L.; Ko, C.W.; Kim, I; Park, J.-W. Tumor Regionalization after Surgery: Roles of the Tumor
Microenvironment and Neutrophil Extracellular Traps. Exp. Mol. Med. 2022, 54, 720-729. [CrossRef]

Cools-Lartigue, J.; Spicer, J.; McDonald, B.; Gowing, S.; Chow, S.; Giannias, B.; Bourdeau, E; Kubes, P.; Ferri, L. Neutrophil
Extracellular Traps Sequester Circulating Tumor Cells and Promote Metastasis. J. Clin. Investig. 2013, 123, 3446-3458. [CrossRef]
[PubMed]

Ilie, M.; Hofman, V.; Long, E.; Bordone, O.; Selva, E.; Washetine, K.; Marquette, C.H.; Hofman, P. Current Challenges for
Detection of Circulating Tumor Cells and Cell-Free Circulating Nucleic Acids, and Their Characterization in Non-Small Cell
Lung Carcinoma Patients. What Is the Best Blood Substrate for Personalized Medicine? Ann. Transl. Med. 2014, 2, 107. [CrossRef]
Tan, K.; Leong, S.M.; Kee, Z.; Caramat, P.V.; Teo, ].; Blanco, M.V.M.; Koay, E.S.C.; Cheong, W.K.; Soh, T.L.-P; Yong, W.P; et al.
Longitudinal Monitoring Reveals Dynamic Changes in Circulating Tumor Cells (CTCs) and CTC-Associated MiRNAs in Response
to Chemotherapy in Metastatic Colorectal Cancer Patients. Cancer Lett. 2018, 423, 1-8. [CrossRef]

Rossi, T.; Angeli, D.; Tebaldi, M.; Fici, P.; Rossi, E.; Rocca, A.; Palleschi, M.; Maltoni, R.; Martinelli, G.; Fabbri, F.; et al. Dissecting
Molecular Heterogeneity of Circulating Tumor Cells (CTCs) from Metastatic Breast Cancer Patients through Copy Number
Aberration (CNA) and Single Nucleotide Variant (SNV) Single Cell Analysis. Cancers 2022, 14, 3925. [CrossRef] [PubMed]
Cristofanilli, M.; Budd, G.T.; Ellis, ML].; Stopeck, A.; Matera, J.; Miller, M.C.; Reuben, ].M.; Doyle, G.V.; Allard, W.].; Terstappen,
L.W.M.M,; et al. Circulating Tumor Cells, Disease Progression, and Survival in Metastatic Breast Cancer. N. Engl. ]. Med. 2004,
351, 781-791. [CrossRef] [PubMed]

Tamminga, M.; de Wit, S.; Schuuring, E.; Timens, W.; Terstappen, L.W.M.M.; Hiltermann, T.J.N.; Groen, H.].M. Circulating Tumor
Cells in Lung Cancer Are Prognostic and Predictive for Worse Tumor Response in Both Targeted- and Chemotherapy. Transl.
Lung Cancer Res. 2019, 8, 854-861. [CrossRef]

Park, Y,; Jun, H.R.; Choi, HW.; Hwang, D.W,; Lee, ].H.; Song, K.B.; Lee, W.; Kwon, J.; Ha, S.H.; Jun, E; et al. Circulating Tumour
Cells as an Indicator of Early and Systemic Recurrence after Surgical Resection in Pancreatic Ductal Adenocarcinoma. Sci. Rep.
2021, 11, 1644. [CrossRef]

Gallerani, G.; Rossi, T.; Ferracin, M.; Bonafe, M. Settling the Uncertainty about Unconventional Circulating Tumor Cells:
Epithelial-to-Mesenchymal Transition, Cell Fusion and Trogocytosis. Int. Rev. Cell Mol. Biol. 2023, 381, 99-111. [CrossRef]
[PubMed]

Ilié, M.; Szafer-Glusman, E.; Hofman, V.; Chamorey, E.; Lalvée, S.; Selva, E.; Leroy, S.; Marquette, C.-H.; Kowanetz, M.; Hedge, P,;
et al. Detection of PD-L1 in Circulating Tumor Cells and White Blood Cells from Patients with Advanced Non-Small-Cell Lung
Cancer. Ann. Oncol. 2018, 29, 193-199. [CrossRef]

Paschold, L.; Stein, A.; Thiele, B.; Tintelnot, J.; Henkes, S.-S.; Coith, C.; Schultheifs, C.; Pantel, K.; Riethdorf, S.; Binder, M. First-Line
Treatment of Unresectable or Metastatic HER2 Positive Esophagogastric Adenocarcinoma: Liquid Biomarker Analysis of the
Phase 2 INTEGA Trial. J. Immunother. Cancer 2023, 11, e006678. [CrossRef]

Tan, Z.; Yue, C.; Ji, S.; Zhao, C,; Jia, R.; Zhang, Y.; Liu, R.; Li, D.; Yu, Q.; Li, P; et al. Assessment of PD-L1 Expression on Circulating
Tumor Cells for Predicting Clinical Outcomes in Patients with Cancer Receiving PD-1/PD-L1 Blockade Therapies. Oncologist
2021, 26, €2227-2238. [CrossRef]

Rittmeyer, A.; Barlesi, F.; Waterkamp, D.; Park, K.; Ciardiello, F.; von Pawel, J.; Gadgeel, S.M.; Hida, T.; Kowalski, D.M.; Dols,
M.C,; et al. Atezolizumab versus Docetaxel in Patients with Previously Treated Non-Small-Cell Lung Cancer (OAK): A Phase 3,
Open-Label, Multicentre Randomised Controlled Trial. Lancet 2017, 389, 255-265. [CrossRef]

Guibert, N.; Delaunay, M.; Lusque, A.; Boubekeur, N.; Rouquette, I.; Clermont, E.; Mourlanette, ].; Gouin, S.; Dormoy, I; Favre, G.;
et al. PD-L1 Expression in Circulating Tumor Cells of Advanced Non-Small Cell Lung Cancer Patients Treated with Nivolumab.
Lung Cancer 2018, 120, 108-112. [CrossRef]

Sinoquet, L.; Jacot, W.; Gauthier, L.; Pouderoux, S.; Viala, M.; Cayrefourcq, L.; Quantin, X.; Alix-Panabiéres, C. Programmed Cell
Death Ligand 1-Expressing Circulating Tumor Cells: A New Prognostic Biomarker in Non-Small Cell Lung Cancer. Clin. Chem.
2021, 67, 1503-1512. [CrossRef]


https://doi.org/10.1038/s41577-021-00571-6
https://www.ncbi.nlm.nih.gov/pubmed/34230649
https://doi.org/10.3389/fimmu.2020.01749
https://www.ncbi.nlm.nih.gov/pubmed/33042107
https://doi.org/10.1016/j.devcel.2019.04.021
https://doi.org/10.1038/s41586-019-0915-y
https://www.ncbi.nlm.nih.gov/pubmed/30728496
https://doi.org/10.1016/j.ccr.2009.06.017
https://www.ncbi.nlm.nih.gov/pubmed/19732719
https://doi.org/10.3389/fonc.2022.848594
https://www.ncbi.nlm.nih.gov/pubmed/35747797
https://doi.org/10.1038/s12276-022-00784-2
https://doi.org/10.1172/JCI67484
https://www.ncbi.nlm.nih.gov/pubmed/23863628
https://doi.org/10.3978/j.issn.2305-5839.2014.08.11
https://doi.org/10.1016/j.canlet.2018.02.039
https://doi.org/10.3390/cancers14163925
https://www.ncbi.nlm.nih.gov/pubmed/36010918
https://doi.org/10.1056/NEJMoa040766
https://www.ncbi.nlm.nih.gov/pubmed/15317891
https://doi.org/10.21037/tlcr.2019.11.06
https://doi.org/10.1038/s41598-020-80383-1
https://doi.org/10.1016/bs.ircmb.2023.07.004
https://www.ncbi.nlm.nih.gov/pubmed/37739485
https://doi.org/10.1093/annonc/mdx636
https://doi.org/10.1136/jitc-2023-006678
https://doi.org/10.1002/onco.13981
https://doi.org/10.1016/S0140-6736(16)32517-X
https://doi.org/10.1016/j.lungcan.2018.04.001
https://doi.org/10.1093/clinchem/hvab131

Cells 2024, 13, 337 26 of 26

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

Nicolazzo, C.; Raimondi, C.; Mancini, M.; Caponnetto, S.; Gradilone, A.; Gandini, O.; Mastromartino, M.; Del Bene, G.; Prete, A;
Longo, F.; et al. Monitoring PD-L1 Positive Circulating Tumor Cells in Non-Small Cell Lung Cancer Patients Treated with the
PD-1 Inhibitor Nivolumab. Sci. Rep. 2016, 6, 31726. [CrossRef]

Dall’Olio, F.G.; Gelsomino, E; Conci, N.; Marcolin, L.; De Giglio, A.; Grilli, G.; Sperandi, F.; Fontana, F,; Terracciano, M.; Fragomeno,
B.; et al. PD-L1 Expression in Circulating Tumor Cells as a Promising Prognostic Biomarker in Advanced Non-Small-Cell Lung
Cancer Treated with Immune Checkpoint Inhibitors. Clin. Lung Cancer 2021, 22, 423—-431. [CrossRef]

Su, K.; Guo, L.; He, K,; Rao, M.; Zhang, J.; Yang, X.; Huang, W.; Gu, T.; Xu, K,; Liu, Y,; et al. PD-L1 Expression on Circulating
Tumor Cells Can Be a Predictive Biomarker to PD-1 Inhibitors Combined with Radiotherapy and Antiangiogenic Therapy in
Advanced Hepatocellular Carcinoma. Front. Oncol. 2022, 12, 873830. [CrossRef]

Khattak, M.A.; Reid, A.; Freeman, J.; Pereira, M.; McEvoy, A.; Lo, J.; Frank, M.H.; Meniawy, T.; Didan, A.; Spencer, I.; et al. PD-L1
Expression on Circulating Tumor Cells May Be Predictive of Response to Pembrolizumab in Advanced Melanoma: Results from
a Pilot Study. Oncologist 2020, 25, e520-e527. [CrossRef]

Bootsma, M.; McKay, R.R.; Emamekhoo, H.; Bade, R.M.; Schehr, ].L.; Mannino, M.C.; Singh, A.; Wolfe, S.K.; Schultz, Z.D.; Sperger,
J.; et al. Longitudinal Molecular Profiling of Circulating Tumor Cells in Metastatic Renal Cell Carcinoma. J. Clin. Oncol. 2022, 40,
JCO2200219-3641. [CrossRef]

Johnson, V.; Vasu, S.; Kumar, U.S.; Kumar, M. Surface-Engineered Extracellular Vesicles in Cancer Immunotherapy. Cancers 2023,
15, 2838. [CrossRef]

Li, G.; Chen, T.; Dahlman, J.; Eniola-Adefeso, L.; Ghiran, I.C.; Kurre, P.; Lam, W.A; Lang, ].K.; Marban, E.; Martin, P; et al. Current
Challenges and Future Directions for Engineering Extracellular Vesicles for Heart, Lung, Blood and Sleep Diseases. . Extracell.
Vesicles 2023, 12, €12305. [CrossRef]

Chen, Y;; Wang, L.; Zheng, M.; Zhu, C.; Wang, G.; Xia, Y.; Blumenthal, E.J.; Mao, W.; Wan, Y. Engineered Extracellular Vesicles for
Concurrent Anti-PDL1 Immunotherapy and Chemotherapy. Bioact. Mater. 2022, 9, 251-265. [CrossRef]

Chen, J.; Tan, Q.; Yang, Z.; Jin, Y. Engineered Extracellular Vesicles: Potentials in Cancer Combination Therapy. ]. Nanobiotechnology
2022, 20, 132. [CrossRef]

Zitvogel, L.; Galluzzi, L.; Smyth, M.].; Kroemer, G. Mechanism of Action of Conventional and Targeted Anticancer Therapies:
Reinstating Immunosurveillance. Immunity 2013, 39, 74-88. [CrossRef]

Chamseddine, A.N.; Assi, T.; Mir, O.; Chouaib, S. Modulating Tumor-Associated Macrophages to Enhance the Efficacy of Immune
Checkpoint Inhibitors: A TAM-Pting Approach. Pharmacol. Ther. 2022, 231, 107986. [CrossRef]

Choo, Y.W.; Kang, M.; Kim, H.Y.; Han, J.; Kang, S.; Lee, ].-R.; Jeong, G.-].; Kwon, S.P; Song, S.Y.; Go, S.; et al. M1 Macrophage-
Derived Nanovesicles Potentiate the Anticancer Efficacy of Immune Checkpoint Inhibitors. ACS Nano 2018, 12, 8977-8993.
[CrossRef]

Najaflou, M.; Shahgolzari, M.; Khosroushahi, A.Y.; Fiering, S. Tumor-Derived Extracellular Vesicles in Cancer Imnmunoediting
and Their Potential as Oncoimmunotherapeutics. Cancers 2022, 15, 82. [CrossRef]

Gradilone, A.; Raimondi, C.; Nicolazzo, C.; Petracca, A.; Gandini, O.; Vincenzi, B.; Naso, G.; Agliano, A.M.; Cortesi, E.; Gazzaniga,
P. Circulating Tumour Cells Lacking Cytokeratin in Breast Cancer: The Importance of Being Mesenchymal. J. Cell. Mol. Med. 2011,
15,1066-1070. [CrossRef]

Ju, S;; Chen, C.; Zhang, J.; Xu, L.; Zhang, X,; Li, Z.; Chen, Y.; Zhou, J.; Ji, F; Wang, L. Detection of Circulating Tumor Cells:
Opportunities and Challenges. Biomark. Res. 2022, 10, 58. [CrossRef]

Labelle, M.; Begum, S.; Hynes, R.O. Direct Signaling between Platelets and Cancer Cells Induces an Epithelial-Mesenchymal-Like
Transition and Promotes Metastasis. Cancer Cell 2011, 20, 576-590. [CrossRef]

Jie, X.-X.; Zhang, X.-Y.; Xu, C.-]. Epithelial-to-Mesenchymal Transition, Circulating Tumor Cells and Cancer Metastasis: Mecha-
nisms and Clinical Applications. Oncotarget 2017, 8, 81558-81571. [CrossRef]

Gallerani, G.; Rossi, T.; Valgiusti, M.; Angeli, D.; Fici, P.; De Fanti, S.; Bandini, E.; Cocchi, C.; Frassineti, G.L.; Bonafe, M.; et al. CNA
Profiling of Single CTCs in Locally Advanced Esophageal Cancer Patients during Therapy Highlights Unexplored Molecular
Pathways. Cancers 2021, 13, 6369. [CrossRef]

Leone, K.; Poggiana, C.; Zamarchi, R. The Interplay between Circulating Tumor Cells and the Immune System: From Immune
Escape to Cancer Immunotherapy. Diagnostics 2018, 8, 59. [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/10.1038/srep31726
https://doi.org/10.1016/j.cllc.2021.03.005
https://doi.org/10.3389/fonc.2022.873830
https://doi.org/10.1634/theoncologist.2019-0557
https://doi.org/10.1200/JCO.22.00219
https://doi.org/10.3390/cancers15102838
https://doi.org/10.1002/jev2.12305
https://doi.org/10.1016/j.bioactmat.2021.07.012
https://doi.org/10.1186/s12951-022-01330-y
https://doi.org/10.1016/j.immuni.2013.06.014
https://doi.org/10.1016/j.pharmthera.2021.107986
https://doi.org/10.1021/acsnano.8b02446
https://doi.org/10.3390/cancers15010082
https://doi.org/10.1111/j.1582-4934.2011.01285.x
https://doi.org/10.1186/s40364-022-00403-2
https://doi.org/10.1016/j.ccr.2011.09.009
https://doi.org/10.18632/oncotarget.18277
https://doi.org/10.3390/cancers13246369
https://doi.org/10.3390/diagnostics8030059

	Introduction 
	Immune Checkpoint Inhibitors 
	PD-1 Inhibitors 
	PD-L1 Inhibitors 
	CTLA-4 Inhibitors 

	EVs 
	Biology and Genesis of Extracellular Vesicles 
	EVs’ Role in Metastatic Niche and TME 
	EVs’ Role in Immunomodulation 
	CD8+ T Cells 
	Natural Killer (NKs) 
	Macrophages 
	Treg Cells 

	Cargo of Extracellular Vesicles 

	CTCs 
	Biology and Role in the Metastatic Cascade 
	Interaction of CTCs with Blood Cells 
	Platelets 
	Macrophages 
	Neutrophils 

	CTCs’ Role in Immunotherapy Response Prediction 
	EpCAM-Based CTC Enumeration 
	PD-L1 Determination 


	Future Applications of EVs and CTCs in Immunotherapy 
	Conclusions 
	References

