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Abstract

Platelets are a significant component of the cell population in the tumour microenvironment (TME). Platelets
influence other immune cells and perform cross-talk with tumour cells, playing an important role in tumour
development. Extracellular vesicles (EVs) are small membrane vesicles released from the cells into the TME. They
can transfer biological information, including proteins, nucleic acids, and metabolites, from secretory cells to

target receptor cells. This process affects the progression of various human diseases, particularly cancer. In recent
years, several studies have demonstrated that platelet-derived extracellular vesicles (PEVs) can help regulate the
malignant biological behaviours of tumours, including malignant proliferation, resistance to cell death, invasion
and metastasis, metabolic reprogramming, immunity, and angiogenesis. Consequently, PEVs have been identified
as key regulators of tumour progression. Therefore, targeting PEVs is a potential strategy for tumour treatment.
Furthermore, the extensive use of nanomaterials in medical research has indicated that engineered PEVs are ideal
delivery systems for therapeutic drugs. Recent studies have demonstrated that PEV engineering technologies play a
pivotal role in the treatment of tumours by combining photothermal therapy, immunotherapy, and chemotherapy.
In addition, aberrant changes in PEVs are closely associated with the clinicopathological features of patients

with tumours, which may serve as liquid biopsy markers for early diagnosis, monitoring disease progression, and
the prognostic assessment of patients with tumours. A comprehensive investigation into the role and potential
mechanisms of PEVs in tumourigenesis may provide novel diagnostic biomarkers and potential therapeutic
strategies for treating human tumours.
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Introduction
Platelets are small, non-nucleated cells produced by
megakaryocyte shedding in the bone marrow. Plate-
lets have been extensively studied for more than a cen-
tury, beginning with their discovery and nomenclature,
followed by their functional characterisation. Recent
research on platelets has focused on platelet-derived
extracellular vesicles (PEVs) [1-4]. With scientific and
technological advancements and improved research
methods, platelet function has been progressively eluci-
dated, from their role in blood coagulation and haemo-
stasis to their ability to regulate inflammatory responses,
immune responses, and other pathophysiological pro-
cesses. Continued abnormal alterations of platelets is
closely associated with the development of numerous
diseases, including haemophilia, coronary heart disease,
aplastic anaemia, and cancer [5-8]. The internal environ-
ment in which tumour cells arise and reside is known
as the tumour microenvironment (TME). The TME
includes immune cells, cancer-associated fibroblasts,
endothelial cells (ECs), pericytes, and other cell types that
vary between tissues and the extracellular matrix (ECM)
[9]. Platelets are a significant component of the immune
cell population in the TME [9, 10]. By secreting numer-
ous active biomolecules, they influence other immune
cells [11], and they perform cross-talk with tumour cells,
thus, playing an important role in tumour development.
Extracellular vesicles (EVs) are membranous nanoves-
icles that are released from cells and participate in a
form of intercellular communication. They can transport
‘cargo; including DNA, RNA, and proteins, between cells
[12, 13]. Although the presence of pericellular vesicles
in mammalian tissues or body fluids was first described
in the late 1960s, the generic term ‘extracellular vesicles’
was proposed in 2011 to define all extracellular struc-
tures encapsulated in lipid bilayers [14]. Initially, EVs
were regarded as membrane fragments with no discern-
ible biological significance. However, in 1996, Raposo et
al. [15, 16] discovered that EVs could stimulate adaptive
immune responses. Since then, the significance of EVs in
intercellular communication has been demonstrated in
several studies. It is becoming increasingly evident that
EVs play a pivotal role in regulating normal physiological
processes and form the pathological basis of various dis-
eases. Recent studies have shown that EVs in the circulat-
ing human plasma are mainly derived from platelets [17].
PEVs exert a profound influence on tumour progression
by regulating the biological behaviour of tumour cells,
including malignant proliferation, invasion, metastasis,
energy metabolism, and drug resistance. This process is
mediated by regulating molecules on the surface of and
within tumour cells, including DNA, RNA, and proteins.
Consequently, targeting PEVs represents a potentially
significant strategy for tumour treatment. Moreover,
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PEVs exhibit remarkable stability in the bloodstream.
The expression levels of PEVs-associated molecules are
closely related to the clinicopathological characteristics
of patients with tumours. Therefore, PEVs can serve as
liquid biopsy markers for tumours and play a significant
role in their early diagnosis and monitoring.

We conducted a systematic literature review and analy-
sis of the role of PEVs in tumourigenesis. Here, we sum-
marise the mechanism of action of PEVs in regulating
tumourigenesis and tumour progression, we summarise
the application of PEVs and their derivatives in anti-
tumour therapy, we present an analysis of the association
between the expression levels of PEVs-associated mol-
ecules and clinicopathological characteristics of patients
with tumours, and we discuss the potential and chal-
lenges of PEVs as diagnostic biomarkers and therapeutic
targets for tumours.

Platelets

Discovery and identification of platelets

Human blood contains three main cell types: red blood
cells (RBCs), platelets, and white blood cells (WBCs).
Under normal conditions, the most abundant blood cells
are RBCs, followed by platelets and then WBCs. Plate-
lets are derived from the haematopoietic system and are
small, non-nucleated, functional, complex cells formed
from megakaryocytes of the bone marrow lineage. They
are mainly located within the circulatory system [18]. The
chronology of discovering platelets, naming them, and
identifying their function spanned several years.

Gulliver first observed platelets under a microscope in
1841 and Donne first described platelets as a third par-
ticle in the blood in 1842 [4]. In 1882, Bizzozero observed
that the initial structure of thrombus formation on
the inner surface of an injured blood vessel comprised
adhered and aggregated platelets, and he was the first to
propose the name ‘platelets’ [19]. In 1906, Wright pos-
tulated that platelets are small pieces of cytoplasm shed
from megakaryocytes in the bone marrow [20]. Despite
the absence of a nucleus, platelets can transport various
biomolecules, including proteins and nucleic acids, such
as DNA, mRNA, precursor mRNA, and long non-coding
RNA (ncRNA) [21]. In 1972, Crawford identified con-
tractile proteins in platelet microparticles isolated from
platelet-free human and animal plasma [22]. In 2005,
Garcia et al. [23] reported the first proteomic analysis
of microparticles produced by activated platelets and
identified 578 platelet-derived microproteins using one-
dimensional sodium dodecyl sulphate-polyacrylamide gel
electrophoresis and liquid chromatography coupled with
a linear ion trap mass spectrometer. In 2009, Yuana et
al. [24] reported a method for detecting platelet-derived
microparticles (PMPs) using atomic force microscopy.
In 2016, Hu et al. [25] developed platelet nanoparticles
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for the treatment of multiple myeloma. In 2021, Li et al.
[26] demonstrated the combined effect of the neovascu-
larisation inhibitor Vadimezan and APDL1-bound plate-
lets (P@aPDL1). Subsequently, Li et al. [27] constructed
an engineered platelet micromotor (PLT@PDA-DOX)
loaded with the chemotherapeutic drug doxorubicin
(DOX) (Fig. 1).

Platelets and human diseases

Platelets contain various proteins, including growth fac-
tors, angiogenic factors, chemokines, and immune medi-
ators, etc. [28]. Under normal physiological conditions,
platelets help ECs maintain primary haemostasis and
intravascular blood flow and play roles in coagulation
and tissue repair [29]. Disturbances in platelet levels and
function are also closely linked to the onset and devel-
opment of numerous diseases [30—-67] (Table 1), includ-
ing those characterised by a marked decrease in platelet
count, such as aplastic anaemia [30] and acute leukaemia
[31-35, 68]; those characterised by platelet dysfunction,
such as haemophilia [36—-38] and thrombasthenia [69];
and those characterised by an increased platelet count,
such as coronary heart disease [52-55] and myocardial
infarction [56—67, 70].

Platelets also play an important role in cancer regula-
tion. They are important components of the TME [9]
(Fig. 2). In addition to affecting other immune cells [11],
platelets can act directly on tumour cells. Platelets play
important roles in the initiation and development of
tumours by communicating with other cells in the TME.
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For example, they can stimulate tumour angiogenesis and
vascular remodelling, protect circulating tumour cells
(CTCs) from shear stress and immune surveillance, and
promote tumour invasion and metastasis [71]. Platelets
can also interact with immune cells in the TME to pro-
mote inflammation, tumour angiogenesis, and metastasis
[11]. However, tumours can also domesticate platelets,
enabling them to capture tumour-derived biomolecules,
including mRNA and proteins, and convert platelets into
tumour-educated platelets (TEPs) [72].

TEPs contain several active biomolecules, including
platelet-specific and circulating biomolecules. These
biological substances are released during platelet acti-
vation and are involved in the progression of malignant
tumours, such as lysosomes, a-granules and dense gran-
ules [72]. Tumours can domesticate platelets via both
direct and indirect mechanisms. The direct method
involves the interaction between platelets and CTCs
through several important molecules on the platelet
plasma membrane, such as P-selectin, integrins, and
glycoproteins. CTCs activate platelets, which in turn
contribute to the survival and spread of CTCs. P-selec-
tin is a cell adhesion molecule that is constitutively
expressed on the surface of platelets and plays a criti-
cal role in the platelet-endothelial response. P-selectin
binds directly to CTCs and promotes tumourigenesis.
It is also been shown to be upregulated in patients with
ovarian cancer. Another mechanism by which cancer
cells domesticate platelets involves tumour microvesicles
(MVs) and exosomes containing lipids, nucleic acids,

-~ - S
i % j ®
e i : .2
- ', R T
s — B : i
J,;g (. - 7 3
e ] doale 2
R 1 L e |
Lrels 1\973 @ @ >
( crawford N[ N/~ N off 4 Y4
Garcia reported Li et al.
identified the Li et al. reported
the first constructed an
presence of Yuana et al. the combined
proteomic Hu et al engineered
thromboconstrict reported a effect of the
; analysis of developed platelet (PLT)
or proteins in method for neovascularisatio
latelet microparticles detecting PMPs platelet 1 inhibitor micromotor
P produced by nanoparticles for (PLT@PDA-DOX)
microparticles using atomic vadimezan and
activated platelets, the treatment of loaded with the
isolated from force microscopy APDL1-bound
identifying 578 multiple myeloma. chemotherapy
platelet-free (AFM) platelets
platelet-derived drug doxorubicin
plasma in humans (P@aPDL1).
and animals microproteins (DOX).
N -/ \ PAN AN . AN J

Fig. 1 Timeline of milestone events in the research field of platelet-derived extracellular vesicles (PEVs)
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Table 1 Correlation between abnormal change of platelet and human diseases
Disease Type Disease conditions Abnormal Involved molecules or Therapeutic drugs Ref.
change of  signaling pathways
platelet
Aplastic Dyspnea on exer- Decrease Thrombopoietin Eltrombopag [30]
anemia tion, tiredness, easy (Impaired receptor(c-mpl)
bruising, ecchymosis,  platelet
epistaxis, gingival production)
bleeding, menor-
rhagia, headache, and
fever
Acute leukemia 1) Acute myeloid Decrease FLT-3 Midostaurin [31]
leukemia: bruising or  (Impaired Hedgehog pathway Glasdegib [32]
bleeding, infection, platelet BCL2 Venetoclax [33]
glnglva! en\argement, production) IDH2 Enasidenib [34]
leukemia cutis;
IDH1 Ivosidenib [35]

2) Acute lympho-
blastic leukemia:
Discomfort, lethargy,
weight loss, fever,
night sweats, infec-
tion and bleeding,
lymphadenopathy,
splenomegaly, and
hepatomegaly

Hemophilia Bleeding, especially Platelet
in large joints such as  dysfunction
elbows, knees, and
ankles

Lymphoma Persistent painless Decrease

lymphadenopathy,
Unexplained fever,
night sweats, itchy
skin, and fatigue

Absence or complete absence
of factor VIII (FVIII) and factor
IX (FIX)

Antithrombin

TFPI

BCL6

PI3K
AKT
mTOR
EZH2
BTK
LYN
SYK
JAK2/STAT
PKC
XPO1
PI3K
AKT

Mimics the cofactor function of activated factor (F) VIII

Fitusiran

Fitusiran

Peptide inhibitors: BTB binding domain motif peptide
Copanlisib

Perifosine

Everolimus

Tazemetostat

Ibrutinib

Dasatinib

Fostamatinib

SB1518

Enzastaurin

Selinexor

Small Molecule Inhibitors: 79— 6
Natural Compounds: Resveratrol
Copanlisib

Perifosine

Everolimus

Tazemetostat

Ibrutinib

Dasatinib

Fostamatinib

SB1518

Enzastaurin

Selinexor

[36]
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Table 1 (continued)
Disease Type Disease conditions Abnormal Involved molecules or Therapeutic drugs Ref.
change of  signaling pathways
platelet
Coronary heart  Typical chest pain Increase HMGCR Statins [52]
disease symptoms tend to (Increased CETP Anacetrapib [53]
be episodic colic blood PCSK9 Alirocumab (54,
or squeezing pain viscosity, 55]
that begins at the leading to
retrosternal or precor- blockage
dial area and radiates  of blood
upward to the left vessels)
shoulder, arm, and
even the little and
ring fingers; some
patients have atypical
symptoms
Myocardial Chest discomfort with  Increase PTEN HOpic [56]
infarction or without dyspnea,  (Increased mTOR Rapamycin [57]
nausea, and sweating - blood NLRP3/caspase-1inflamma-  16673-34-0 [58]
Viscosity, some pathway
leading to -
blockage TLR4/MyD88/NF-kB-signaling  ApTOLL [59]
ofblood  Pathway
vessels) RhoA/ROCK signaling Fluvastatin [60]
pathway
TGF-B/SMADs signaling Simvastatin [61]
pathway
Sonic Hedgehog signaling Erythropoietin [62]
pathway
Notch signaling pathway TNF-a inhibitor [63]
MAPK signaling pathway Atorvastatin [64]
JAK/STAT signaling pathway ~ IL-33 [65]
TGFR1/TAK1 signaling Fasudil [66]
pathway
Hippo/YAP signaling pathway Luteolin [67]

and proteins. These vesicles can inhibit the secretion of
other molecules and even circulating platelets by bind-
ing to P-selectin, thereby domesticating platelets to pro-
mote cancer proliferation [73]. TEPs can carry mRNAs
and micro RNAs (miRNAs) that help tumour cells enter
blood vessels and that bind to tumour cells in the circu-
lation, thus playing an important role in metastasis. In
addition, TEPs can help tumour cells resist and evade
apoptosis and secrete pro-angiogenic factors, thereby
promoting angiogenesis and proliferation [74, 75]. They
can also help tumour cells mobilise into blood vessels,
produce metastatic foci to enhance the TME and tumour
growth, and promote angiogenesis to provide nutrients
to the tumour [76]. In addition, TEPs can promote clot
formation (thrombosis), similar to platelets, but TEPs
may form and consolidate thrombi more readily than
platelets [77]. Moreover, TEPs can mediate the commu-
nication between distant tumour niches to coordinate
indolent tumour outbreaks as overt diseases. TEPs can
also mediate the cross-talk between tumours and bone
marrow niches to increase bone formation and renewal, a

phenomenon associated with the establishment of a pre-
metastatic environment [78]. In addition, studies have
shown that TEPs can potentially be used as noninvasive
biomarkers and can play an important role in early diag-
nosis, medication decisions, dynamic monitoring, and
prognostic evaluation of patients with tumours [71].

Extracellular vesicles (EVs)

Biological characterisation of EVs

EVs are secreted by cells and have double-layered phos-
pholipid membrane structures. They carry various bio-
logically active components, including proteins, lipids,
and nucleic acids, and mediate intercellular communi-
cation in vivo [17, 79, 80]. Based on the biogenesis path-
way, EVs can be classified into exosomes, ectosomes, or
apoptotic bodies [81, 82]. Exosomes are EVs derived from
endosomal systems, and their generation involves double
invagination of the plasma membrane and the formation
of intracellular multivesicular bodies (MVBs) containing
intraluminal vesicles (ILVs). ILVs are finally secreted as
exosomes through the fusion of MVBs with the plasma
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Fig. 2 The relationship between platelet-derived extracellular vesicles (PEVs) and cells in tumour microenvironment (TME). TME is a complex and com-
prehensive system, including tumour cells, stromal cells (e.g. tumor-associated endothelial cells) and immune cells (e.g. macrophages, NK cells, T cells, B
cells, DC cells and monocytes). PEVs secrete a variety of cytokines that affect those cells in the TME to influence tumour progression

membrane and exocytosis [83]. Exosomes represent a
subtype of small EVs, with ILVs of endosomes generally
measuring less than 200 nm in diameter. Ectosomes, also
known as microvesicles or microparticles, are EVs that
germinate directly from the plasma membrane. Various
stimuli can shed them, including an increase in intracel-
lular calcium ions [84]. Ectosomes are generally larger
than exosomes, with a wide range of sizes [85]. Apoptotic
bodies, also called apoptotic vesicles, have a diameter of
approximately 100—5,000 nm. They are formed by sepa-
rating the cytoplasmic membrane from the cytoskele-
ton due to increased hydrostatic pressure following cell
shrinkage [86]. It is worth noting that ‘SEVs’ (representing

small EVs) and ‘exosomes’ are not synonymous terms,
sEVs include small ectosomes and exosomes.

Functions of EVs
Almost all cells in an organism secrete EVs, and numer-

ous studies have shown that EVs are found in various
human bodily fluids, including saliva, breast milk, cere-
brospinal fluid, ascites, urine, and semen. EVs circu-
late in the body fluids and act on receptor cells through
direct fusion, endocytosis, and binding [14, 87] (Fig. 3).
They serve as important carriers of signal transmission,
because they carry numerous components, such as pro-
teins, nucleic acids, and lipids, forming a novel intercel-
lular information transmission system that is involved



Zhuang et al. Biomarker Research (2024) 12:88

it

int

Early endosomes\

it

_/*

Multivesicular bodies

Donor cell

Fig. 3 Extracellular vesicles (EVs) biogenesis and secretion in donor cells a
nication by transferring different molecules, including DNA, RNA, lipids, an

Page 7 of 25

Recipient cell

< o Directfusion  Go5iapparatus e s
2 (7
?
) Lysosomes
*
Endocytosis
4% Direct binding
~ X i
\\\\ g R
A\ & 5 I
Uy -_‘\
} e
K \ ) /
é\—«'
e &
\ (‘-—n‘—y ):{“} .a-__.nnnm
L3 _{
Exosomes Ectosomes Apoptotic bodies

nd communication with recipient cells. EVs participate in intercellular commu-
d proteins, etc. EVs act on neighboring or distant receptor target cells through

multiple pathways, including direct fusion, endocytosis, and direct binding

in maintaining various physiological processes in the
human body, including stem cell maintenance, tissue
repair, immune surveillance, and blood coagulation.

Thus, EVs can be regarded as multifunctional signalling
complexes that control basic cellular biological functions.
Recent studies have shown that EVs regulate the devel-
opment of various diseases, particularly tumours. Many
studies have demonstrated that, in driving the formation
of pre-metastatic tumour ecological niches, EVs can pro-
mote tumour progression by inducing cell proliferation,
directly stimulating tumour growth, stimulating angio-
genesis, secreting matrix proteases to promote matrix
remodelling, inducing metastasis, and modulating T cell
activity to promote immune escape [15].

Methods for the isolation and characterisation of EVs

As EVs play important roles in diseases, many research-
ers have used them in related studies by isolating EVs
from immune cells. Based on the physical and biochemi-
cal properties of EVs, various separation techniques
have been used, such as ultracentrifugation, density-
gradient centrifugation, size-exclusion chromatography,

ultrafiltration, immunocapture assays, precipitation,
and microfluidics. However, none of the above separa-
tion methods obtain completely pure samples contain-
ing only EVs [88]. Researchers have attempted to use
immunomodified superparamagnetic = nanoparticles
to provide new avenues for rapid, efficient, and high-
purity EV separation and elution [89]. The EV identifica-
tion methods include transmission electron microscopy
(TEM), flow cytometry, nanoparticle tracking analysis,
and resistive pulse sensing, with identification achieved
based on their characteristics, such as morphology, par-
ticle size, and surface markers [88, 90-102] (Table 2).
Among these methods, flow cytometry, a rapid assay,
has the advantages of high-throughput quantitation and
multiparameter characterisation. TEM provides high-
resolution images of EVs that can distinguish EVs from
similarly sized non-EV particles. Atomic force micros-
copy; microfluidic micronuclear magnetic resonance
[102]; and novel optical methods, such as frequency-
locked optical whispering evanescent resonators, are also
widely applied. Detecting the EV content is an impor-
tant part of EV functional analysis, and is performed
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Table 2 The most common techniques for extracellular vesicles (EVs) isolation
EVsisolation Methods Detection Advantages Limitations Ref.
techniques range
Transmission  The accelerated and aggregated electron beam is Capable of  Ability to observe EV smor-  Inability to represent the  [90,
Electron projected onto a very thin sample, when the electrons  detecting phological features particle size distribution ~ 91]
Microscopy collide with the atoms in the sample, the direction EVs as small and overall concentra-
changes, resulting in stereo angular scattering, which ~ as 1 nm tion of all EVs in the
can form light and dark images, the image in the sample
magnification, focusing and then displayed on the
imaging device.
Flow The particles pass through the laser beam one by one, (1) EVs of (1) Fastest detection speed; (1) The inability to dif- [88,
Cytometry thus scattering the light and emitting fluorescent sig- ~ 250- (2) High-throughput quan-  ferentiate accurately 90,
nals to multiple measurement channels. The detection 500 nm titation; (3) Multiparameter  between particles and 92—
of particles is initiated by a signal that exceeds a thresh- in size; (2) characterization noise; (2) Uncertainty in -~ 94]
old set on at least one measurement channel. Distinguish- quantitative detection
es vesicles of EVs
with a size
difference
of 200 nm;
(3) New
generation:
100 nmin
size
Dynamic Light Determines particle size and dispersion by measur- EVsof T nm (1) Precise, reliable, and 1) Lower accuracy [94]
Scattering ing the intensity and intensity distribution of light to6umin  repeatable; (2) Sample for suspensions with
scattering size preparation simple ornot  particles of different
required; (3) Easy setup sizes (polydisperse
suspensions)
2) Inability to provide any
biochemical data or in-
formation on the cellular
origin of the EVs
Nanopar- Determines the size and concentration of submicron EVs of (1) Small sample size; (2) (1) Inability to differenti-  [88,
ticleTracking  particles in suspensions by following the Brown- 30nmto High-resolution particle ate between EVs and 90,
Analysis ian motion of suspended particles with a dark field 2 uminsize size distribution data and non-EV particles; (2) 95,
microscope concentration information  Inability to determine the 96]
provided; (3) Enables in- source of EVs
situ testing that is closer to
the original state
Resistive Pulse  Utilizes the Coulter principle to determine the size and  EVs of Rapid detection of EV (1) Inability to differenti-  [88,
Sensing concentration of submicron particles in suspensions 70 nm to concentration and particle ate between EVs and 90,
10 umin size distribution non-EV particles; (2) 97]
size Difficulty in choosing the
right nanopore setup;
(3) Pore clogging and
pore stability issues; (4)
Difficulty in measuring
biochemical properties
of EVs
Atomic force  Works according to the principles of optical and elec- ~ Capable of  Information onindividual (1) EVs need to be [88,
microscopy tron diffraction and detects the interaction between detecting EV surface topology, elastic  stably attached to the 98]
the probe tip and the surface of the target sample EVs as small  properties, and interaction  substrate; (2) Analysis
as10nmto forces at the supramolecu-  of EV physical proper-
20 nm lar and submolecular levels ties requires specialized
provided knowledge
Mass Spec- Lonizes the measured substance, separates the ions (1) High-throughput Long preparation and [99]
trographic according to their mass-to-charge ratio, and mea- quantification provided; processing times
Analysis sures the intensities of various ion peaks for analytical (2) Comparative proteomic
purposes analysis of EVs
Surface An optical technology that allows real-time tracking (1) High sensitivity; (2) [100]
Plasmon and detection of biomolecules without the need for Ability to quantify tumor-
Resonance any markers by immobilizing specific receptors on an derived Evs; (3) No damage

active surface coated with gold or silver nanoparticles

to biomolecules
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Table 2 (continued)

EVsisolation Methods Detection Advantages Limitations Ref.

techniques range

Electrochemi-  Qualitative or quantitative analysis by determining the 1) High sensitivity;2) Quick [100,

cal Sensing electrical or electrochemical properties of the target response; 3) High portabil- 101]
analyte ity; 4) Economical

Single Particle A new technology that combines immunology and Capable of (1) High sensitivity; (2) [100]

Interferomet-  optics to capture and separate specific vesicles using detecting High precision; (3) Enables

ric reflectance  immunorecognition, and then quantify the surface EVs as small  fluorescence imaging of

Imaging Sens- markers and contents of the target as 40 nm individual vesicles

ing Analysis

Microfluidic Magnetic nanoparticles are placed in an nuclear mag- (1) Simple sample prepara- [102]

Micro-Nuclear netic resonance field, where they produce a localized tion process; (2) High

Magnetic magnetic field that alters the transverse relaxation rate sensitivity; (3) Ability to dif-

Resonance of the surrounding water molecules, resulting in an ferentiate cancer-derived

System amplified signal EVs from other EVs

Technology

using next-generation sequencing, quantitative PCR, or
northern blotting for RNA detection or western blotting,
enzyme-linked immunosorbent assays (ELISAs), or mass
spectrometry for protein analysis.

The underlying molecular mechanism of
platelet-derived extracellular vesicles (PEVs) in
tumourigenesis

PEVs are the most common type of EVs in the blood
[103]. PEVs are subcellular bilayer membrane structures
with diameters ranging from 40 nm to 1 um. They’re pro-
duced by platelets after activation or apoptosis. Depend-
ing on the biogenesis pathway, PEVs can be classified
as platelet-derived exosomes or PMPs, which are also
referred to as platelet-derived microvesicles (PMVs)
[17]. PMPs are formed by platelet surface shedding, and
platelet-derived exosomes originate from the exocytosis
of MVBs and a-granules. The exosome-specific marker,
tetraspan protein CD63, is particularly abundant in iso-
lated platelet-derived exosomes, whereas annexin-V, fac-
tor X, and prothrombin are specific to PMPs [104]. PMPs
may play a more important role in procoagulation than
platelet-derived exosomes. Other potential markers have
been identified on PMPs, including CD31, CD41, CD42a,
GPIIb/IIla, GPIba, P-selectin, and PF4 [105, 106]. Of
these, CD31 and CD41 are the most commonly used
markers for identifying PMPs [107]. Generally, PEVs con-
tain various biomolecules, including DNA, RNA, pro-
teins, and small-molecule metabolites. Several databases
can be used to analyse the relevant molecules in EVs
[108-126] (Table 3). Recent studies have demonstrated
that molecules associated with PEVs, such as RNA, lipids,
proteins, and DNA, play important roles in the pathogen-
esis of numerous diseases, particularly cancer.

PEVs encapsulate proteins
Protein molecules on the surface or within PEVs play
significant roles in tumourigenesis. In patients with

nasopharyngeal carcinoma (NPC), PEVs can be trans-
ferred into NPC cells and upregulate the expression of
integrin B3 (ITGB3). ITGB3 promotes the expression of
SLC7A11 by enhancing its stability and activating the
MAPK/ERK/ATF4/Nrf2 signalling axis, which inhibits
the ferroptosis of NPC cells and promotes their metasta-
sis [127]. Additionally, another study demonstrated that
PEVs from patients with colorectal cancer induced Twist1
and vimentin expression in all cancer cell lines studied,
whereas PEVs from healthy controls did not. Twistl
plays a significant role in promoting tumour metasta-
sis, tumour initiation, and primary tumour growth, and
enhanced vimentin expression contributes to cytoskel-
etal organisation and adhesion stability, thus enabling
cancer cells to resist various stresses generated by the
TME and promote malignancy [128]. 12 S-Hydroxyeico-
satetraenoic acid (12-HETE), produced by platelet-type
12-lipoxygenase (ALOX12), is a key regulator of tumour
metastasis. Another study showed that PEVs can trans-
fer ALOX12 in co-cultures of platelets and HT29 cells (a
human colorectal adenocarcinoma cell line) and regulate
the invasive metastasis of colon cancer cells [129].

PEVs encapsulate non coding RNA (ncRNA)

ncRNAs are a class of RNA molecules that are tran-
scribed from the genome, but do not encode proteins.
They can be broadly classified into two categories based
on their size: small non-coding RNAs (sncRNAs), such
as miRNAs, transfer RNA-derived small RNAs, and
PIWI-interacting RNAs (piRNAs), and long non-cod-
ing RNAs (IncRNAs), such as pseudogenes and circular
RNAs (circRNAs) [130, 131]. PEVs can carry ncRNAs,
mainly miRNAs, to regulate the occurrence and devel-
opment of tumours. miRNAs in PEVs either promote or
play a role in inhibiting cancer. Liang et al. [132] inves-
tigated the role of platelet-derived miR-223 in regulating
lung cancer cell invasion. Compared with healthy sub-
jects, patients with non-small cell lung cancer (NSCLC)
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Table 3 Extracellular vesicles (EVs)-associated databases or tools
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Database Species Extracellular vesicles contents Website Ref.
EVMIRNA Human microRNA (miRNA) http://bioinfo.life.hust.edu.cn/EVMIRNA [108]
exoRBase Human Messenger RNA (mMRNA), long non-coding RNA (IncRNA), and  http://www.exorbase.org/ [109]
circular RNA (circRNA)
ExoCarta Most species  Protein, mMRNA, miRNA, rRNA, tRNA, snoRNA, snRNA, INcRNA, http://www.exocarta.org/ [110]
liINCRNA, ncRNA, Lipid
EVpedia Prokary- Proteins, mRNAs, miRNAs, lipids and metabolites https://evpedia.info/evpedia2_xe/ [111]
otes and
eukaryotes
EMBL-EBI Human Proteins https.//www.ebi.ac.uk/QuickGO/ [112]
Vesiclepedia Most species  Lipids, metabolites, nucleic acids and proteins http://www.microvesicles.org/ [113]
Urinary Exo-  Human Urinary-associated exosomal proteins https://esbl.nhlbi.nih.gov/UrinaryExosomes/
some Protein
Database
miRandola Human Extracellular circulating ncRNA (miRNAs, INcCRNAs, circRNAs) http://mirandola.iit.cnrit/ [115]
exBRNA Atlas Humanand  Small RNA sequencing and gRT-PCR experiment identified https://exrna-atlas.org/exat [116]
mouse extracellular RNA (exRNA) profiles
EV-TRACK Most species EVs-enriched proteins and non EVs-enriched protein http://www.evtrack.org [117]
EVAtlas Human EVs-assocaited ncRNA(MIRNA, snoRNA, piRNA, snRNA, rRNA,  http://bioinfo life.hust.edu.cn/EVAtlas [118]
tRNA and Y RNA)
ExoBCD Human Breast cancer-associated exosomal INCRNA, mRNA and miRNA  http://exobcd.liumwei.org/ [119]
EV-ADD Human EVs-associated DNA https://www.evdnadatabase.com/ [120]
miREV Human miRNAs https://www.physio.wzw.tum.de/mirev/ [121]
ExoceRNA Human Competing endogenous RNAs (ceRNASs) in blood exosomes https://www.exocerna-atlas.com/exoceRNA#/ [122]
atlas
CMEP Human Circulating miRNA http://syslab5.nchu.edutw/CMEP [123]
IntiCom-DB  Human Exosomes-related http://rnanut.net/inticomdb [124]
Inter-tissue communication (ITC) molecules (e.g. Proteins,
miRNAs, metabolite)
SEPDB Human Proteins https://sysomics.com/SEPDB/ [125]
ExplORRNet  Human miRNA https://mirna.cs.ut.ee [126]

show an increased concentration of miR-223 in platelet-
secreted microvesicles. The incubation of human lung
cancer A549 cells with platelet-secreted microvesicles
results in the rapid delivery of miR-223 to A549 cells,
where platelet-derived miR-223 targets EPB41L3, thereby
promoting A549 cell invasion. EPB41L3 is a member of
the band 4.1 family of cytoskeletal proteins. EPB41L3 has
been demonstrated to regulate cell shape, intercellular
and cell-substrate adhesion, and cell movement, and to
participate in the organisation of the actin cytoskeleton.
In vitro, MV-mediated transport of platelet miRNA-let-
7a to human umbilical vein endothelial cells (HUVECs)
induces angiogenesis and may stimulate the development
of solid tumours [133]. In addition, miRNAs from PEVs
play roles in tumour suppression. PMPs transfer miR-24
to tumour cells both in vivo and in vitro. The direct RNA
targets of miR-24 include mitochondrial mt-Nd2 and
Snora?75, and their targeting leads to mitochondrial dys-
function and growth inhibition in tumour cells [134].
circRNAs are particularly abundant in platelets com-
pared with other haematopoietic cell types, and they
can be packaged and released into PEVs by platelets
[135]. Preufler et al. [135] found that circRNAs were

selectively released into vesicles and they observed a
subset of targets (AMD1 and DYRKI1A for microvesicles
and FAM13B, DYRK1A, AMD1, and TMEM30 for exo-
somes) that were preferentially released into PEVs com-
pared with their corresponding linear isoforms, and this
process may have involved specific sorting mechanisms.
Additionally, researchers have identified an abundant
platelet-specific circRNA (Plt-circR4) that is not prefer-
entially released into vesicles, supporting the selective
release of RNAs. circRNAs may also be involved in sig-
nalling pathways and play a role in cancer progression.

PEVs encapsulate other molecules

In addition to proteins and nucleic acids, EVs typically
contain lipids, small molecule metabolites, and mito-
chondria. It has been reported that the PMP subgroup
retains functional mitochondria [136]. PEV-derived
mitochondria can be transferred to tumour cells to reg-
ulate their metabolic function. Using flow cytometry,
fluorescence microscopy, and quantitative real-time fluo-
rescence PCR, Gharib et al. [137] confirmed that plate-
let-derived mitochondria were transferred to chronic
lymphocytic leukaemia (CLL) cells and that this affected
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the metabolic reprogramming of tumour cells and sup-
ported phenotypic changes during the malignant process.

PEVs in cancer progression

Studies have shown that PEVs participate in regulating
tumourigenesis and tumour development, affecting vari-
ous malignant biological phenotypes, including malig-
nant proliferation, resistance to cell death, invasion and
metastasis, metabolic reprogramming, immunity, and
angiogenesis (Fig. 4).

Role of PEVs in the malignant proliferation of tumours

The initial impression of a tumour is that it can repli-
cate indefinitely, that is, it undergoes malignant pro-
liferation. Tumour cells receive sustained proliferative
signals in various ways. For example, they produce their
own growth factor ligands and respond by expressing
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homologous receptors, resulting in autocrine prolif-
erative stimulation. Tumour cells can maintain telomere
DNA for an extended period, thus preventing the onset
of senescence or apoptosis. This is typically achieved by
upregulating telomerase expression, although it can also
be achieved by upregulating telomerase expression to a
lesser extent [138].

The proliferation of tumours is inhibited by PEVs,
which affect the cell cycle. By incubating and culturing
lung cancer A549 cells with PMVs and exosomes, respec-
tively, Wieczorek et al. [139] found that PMVs and exo-
somes activate the MAPKP**#* and AKT pathways and
upregulate cyclin D2 to promote the proliferation of A549
cells in serum-free culture medium. Gharib et al. [137]
used co-culture experiments involving PMPs and CLL
cells (CII and MEC-1) to demonstrate that PMPs directly
affect the proliferation of CLL cells by internalising the
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Fig. 4 Platelet-derived extracellular vesicles (PEVs) regulate the progression of tumours. (A) PEVs promote malignant proliferation of tumour cells by
activating the MAPK and AKT pathways of tumour cells. (B) PEVs promote tumour cell resistance to drug-induced cell death by regulating the increase of
miRNAs (such as miR-125a-5p, miR-125b-5p, and miR-199-5p) in tumour cells. PEVs also regulate ITGB3 protein to promote the expression of the SLC7AT1
protein, thereby activating the MAPK/ERK/ATF4/Nrf2 signalling axis which inhibits ferroptosis in tumour cells. (C) RNA (such as TPM3 mRNA and miR-223)
secreted by PEVs can regulate the invasion and metastasis of tumour cells. It can also affect the increase of protein MMP-2 and MMP-9 in tumour cells
through Ca?* remodelling and the p38/MAPK pathway, thus leading to the invasion and metastasis of tumour cells. (D) Mitochondria secreted by PEVs
regulate tumour cell metabolism through proteins (ACSL1, PDH, HIF-A, and ACLY), further promoting cell glycolysis. (E) The secretion of integrin 33 by
PEVs affects the immune responses of T cells to tumour cells. (F) PEVs affect the angiogenesis of tumour cells by regulating the increase of angiogenesis-
related molecules (VEGF, HGF, and IL-8) in tumour cells
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mitochondria and enhancing mitochondrial activity.
The results showed that the effect of PMPs on the prolif-
eration of cancer cells was significantly influenced by the
health status of PMP mitochondria. Additionally, PMPs
facilitated the accelerated growth of CLL cells following
internalisation. Furthermore, Vismara et al. [140] cocul-
tured PEVs with various types of breast cancer (BC) cell
lines and discovered that PEVs could alter the cell cycle
progression of BT474 and SKBR3 cells by altering the
intracellular calcium concentration.

Role of PEVs in tumour cell death resistance
To define cell death, the Nomenclature Committee
for Cell Death has previously proposed three criteria
for identifying dead cells: (1) permanent loss of plasma
membrane barrier function; (2) the disintegration of cells
into discrete fragments, commonly referred to as apop-
totic bodies; or (3) the engulfment of cells by phagocytes
or other cells with phagocytic activity [141]. Some cancer
cells do not undergo cell death after receiving the appro-
priate cell death signal, but evade this process by exhib-
iting resistance to cell death. Tumour cells use various
strategies to limit or avoid cell death. The mechanisms
of cell death are diverse, including intrinsic apoptosis,
extrinsic apoptosis, ferroptosis, pyroptosis, autophagy-
dependent cell death, immunogenic cell death, and cel-
lular senescence [142]. Apoptosis is the most common
mechanism; however, ferroptosis and immunogenic
cell death are the latest mechanisms identified through
advances in cell death research and are of great impor-
tance in the study of tumour resistance to cell death.
PEVs inhibit the ferroptosis of tumour cells and induce
tumour cells to resist drug-induced cell death. When
platelets interact with cancer cells, they internalise PEVs
to transfer the substances carried by PEVs to the cancer
cells and promote resistance to cell death [138]. Various
in vivo and in vitro experiments conducted by Li et al.
[127] demonstrated that PEVs in patients with NPC could
be transferred into NPC cells and upregulate ITGB3 in
these cells. ITGB3 increase the protein levels of SLC7A11
by enhancing its stability, thereby activating the MAPK/
ERK/ATF4/Nrf2 signalling axis, which inhibits ferropto-
sis in NPC cells. Moreover, PEVs can promote the resis-
tance of cancer cells to drug-induced cell death. Gharib
et al. [137] used an apoptosis assay to demonstrate that
the enhancement of PMP-mediated mitochondrial inter-
nalisation and oxidative phosphorylation in CLL cells
improved the resistance of these cells to the anticancer
drugs cytarabine, Venetoclax, and plumbagin. Cacic et
al. [143] demonstrated that the expression levels of miR-
125a-5p, miR-125b-5p, and miR-199-5p were elevated in
THP-1 cells following the co-incubation of PMPs with
THP-1 cells. Moreover, PMPs reduced the mitochondrial
membrane potential in THP-1 cells, inhibited cell cycle
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progression, reduced cell proliferation, and induced their
differentiation into macrophages, thereby increasing the
drug resistance of the cells to daunorubicin. Therefore,
platelet inhibitors are a potential therapeutic strategy for
acute myeloid leukaemia.

Role of PEVs in tumour invasion and metastasis

The multistep process of invasion and metastasis is sche-
matised as a series of discrete steps, often referred to
as the invasion-metastasis cascade. It involves a series
of cellular biological changes, starting with local inva-
sion, followed by the entry of cancer cells into nearby
blood and lymphatic vessels; the transport of cancer cells
through the lymphatic and haematopoietic systems; the
escape of cancer cells from the vascular lumen into the
parenchyma of distant tissues (extravasation); the for-
mation of small nodules of cancer cells (micrometasta-
sis); and finally, the growth of micrometastatic foci into
tumours that are visible to the naked eye, in a step that
has been termed ‘colonisation’ [144, 145].

PEVs are involved in the process of tumour cells acquir-
ing the ability to grow invasively and metastasise by
affecting various molecules, such as integrins, metallo-
proteinases, Ca" ions, and ncRNAs. Kassassir et al. [146]
found that PMPs can be bound to colorectal cancer cells
by transferring integrins, by stimulating the expression
of integrin subunits already present on the surface of the
colorectal cancer cells, and by stimulating the expression
and activity of matrix metalloproteinases (MMP)-2 and
MMP-9 in colorectal cancer cells through the p38/MAPK
pathway, thereby increasing epithelioid and mesenchy-
mal-like colorectal cancer cell mobility and invasiveness.
Additionally, PEVs effectively stimulate the migration and
invasion of breast cancer (BC) cells. They induce a sus-
tained increase in the intracellular Ca** concentration in
MDA-MB-231 BC cells, which is associated to the stimu-
lation of selected signaling proteins implicated in migra-
tion, including and myosin light chain and p38 MAPK
[140]. In addition, Vismara et al. [147] showed that PEVs
stimulate migration by partially remodelling the Ca?*-
handling machinery in MDA-MB-231 cells. Moreover,
platelet TPM3 mRNA may be delivered to BC cells via
microvesicles, leading to an enhanced migratory phe-
notype of the cells [148]. Liang et al. [132] showed that,
following the co-incubation of human lung cancer A549
cells with PMVs, the PMVs rapidly introduced miR-223
into the cells, which targeted EPB41L3, thereby promot-
ing the invasion of A549 cells.

Role of PEVs in the metabolic reprogramming of tumour
cells

Metabolic reprogramming refers to the phenomenon
in which tumour cells adapt to a hypoxic, and nutrient-
deficient microenvironment, and proliferate rapidly by



Zhuang et al. Biomarker Research (2024) 12:88

changing their metabolic patterns to regulate their cel-
lular functions and help them resist external stresses to
meet their own growth and energy needs [149]. Meta-
bolic reprogramming is an important factor that affects
cancer development and progression. The main modali-
ties include glycolysis; oxidative phosphorylation; and
amino acid, fatty acid, and nucleotide metabolism.

PEVs can influence metabolic reprogramming in
tumours through the mitochondria. Gharib et al. [137]
found that, after co-culturing CLL cells with PMPs, the
transfer of the mitochondrial contents and function pro-
vided by PMPs induced metabolic reprogramming, lead-
ing to an increase in the oxygen consumption rate, ATP
levels, and reactive oxygen species production. Further
exploration revealed that PMPs increased the expres-
sion levels of metabolic genes associated with CLL pro-
gression. Bioinformatic techniques were used to analyse
the mechanisms involved in metabolic reprogramming,
resulting in the identification of 17 genes that exhibited
significant alterations during disease progression. These
included hypoxia-inducible factor-alpha (HIF-A), ATP
citrate lyase (ACLY), long-chain fatty acyl-CoA ligase
(ACSL1, 3, and 4), pyruvate dehydrogenase (PDH), and
fatty acid synthase (FASN). These genes are involved
in metabolic reprogramming by regulating metabolic
pathways, such as NF-kB and survival signals (R-HSA-
209560), which are highly activated in the early stages
of CLL and by regulating ChREBP-activated metabolic
gene expression (R-HSA-163765), which plays a cen-
tral role in advanced CLL. Furthermore, Cereceda et al.
[150] showed that platelet-derived mitochondria could
be internalised by triple-negative breast cancer (TNBC)
MDA-MB-231 cells via EVs to enhance their metabolic
adaptation.

Role of PEVs in tumour immunity
As a key component of the TME, immune cells can either
promote or inhibit tumorigenesis [151]. Innate immune
cells play significant roles in tumour progression and
have a potential tumour-promoting effect. Inflamma-
tion can promote numerous functions by providing bio-
logically active molecules to the TME, including growth
factors, which maintain proliferative signals; survival
factors, which limit cell death; proangiogenic factors;
extracellular-matrix-modifying enzymes, which promote
angiogenesis; and invasive, metastatic, and inducible sig-
nals, leading to the activation of epithelial-mesenchymal
transition (EMT). Furthermore, most early-stage tumour
cells are recognised and cleared by the immune system,
and solid tumours somehow avoid detection by various
branches of the immune system or limit the extent of
immune killing, thus avoiding eradication [138].

PMPs exert pro-inflammatory and immunosuppressive
effects that may influence tumour progression. Zhou et
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al. [152] found that integrin B3 deficiency in hepatocel-
lular-carcinoma-infiltrating T cells may be involved in
forming an immunosuppressive TME. Furthermore, cell
co-culture and flow cytometry demonstrated that PMPs
overtly transferred integrin B3 to T cells and promoted
T cell infiltration and Th1-type immune responses, medi-
ated through clathrin-dependent endocytosis and mac-
rophage phagocytosis. One reason why PMV-neutrophil
interactions promote neutrophil activation is that PMVs
transfer glycoprotein IIb/IIla receptors to neutrophils
and activate them via the NF-kB pathway [153]. It has
been demonstrated that some platelet-derived mitochon-
dria contain respiratory-competent mitochondria. These
platelet-secreted mitochondria are substrates for type
IIA-secreted phospholipase A2, which produces inflam-
matory mediators, such as lysophospholipids, fatty acids,
and mitochondrial DNA (mtDNA), and promotes leu-
kocyte activation [136]. Kuravi et al. [154] demonstrated
that PEVs facilitate the adhesion of mobile neutrophils
to ECs. Sprague et al. [155] first demonstrated that PEVs
could deliver CD154, stimulate antigen-specific IgG
production, and regulate germinal centre formation by
reacting with CD4* T cells. Ren et al. [156] investigated
the potential association between PMPs and inflamma-
tory cytokine secretion in oral squamous cell carcinoma
(OSCC). Using ELISAs, researchers found that plasma
interleukin-6 (IL-6) and TNEF-a levels were significantly
higher in patients with OSCC than in healthy subjects.
Furthermore, correlation analysis showed that plasma
IL-6 and TNF-a levels were positively correlated with
the number of PMPs in OSCC. Moreover, immuno-
histochemistry results were in high concordance with
the ELISA results, indicating that the elevated number
of PMPs was closely related to the secretion of inflam-
mation-related cytokines. However, further studies are
required to elucidate the role of PMPs in the immune
response in the TME and their impact on anti-tumour
therapy.

Role of PEVs in tumour angiogenesis

Tumours, like normal tissues, require nutrient and oxy-
gen support and the ability to excrete metabolic waste
and carbon dioxide. Tumour-associated neovessels gen-
erated by angiogenic processes satisfy these criteria. Dur-
ing tumour progression, an angiogenic switch is almost
always activated and remains open, such that a normally
quiescent vascular system grows new blood vessels con-
stantly to help sustain tumour growth [138].

PEVs exert a strong pro-angiogenic effect by affecting
angiogenic factors. Using real-time reverse transcrip-
tion-PCR and other techniques, Janowska-Wieczorek et
al. [139] found that PMVs stimulated an increase in the
mRNA expression levels of angiogenic factors produced
by human lung cancer cells, such as vascular endothelial
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growth factor (VEGF), hepatocyte growth factor, and
IL-8. Anene et al. elucidated the mechanism of PMP-
induced angiogenesis [133]. Using co-culture assays,
luciferase reporter assays, and antisense oligonucleotide
technology, they demonstrated that the PMP-derived
miRNA Let-7a could be delivered to HUVECs and inhibit
expression of the anti-angiogenic factor THBS-1 by
directly binding to the 3’ untranslated region of THBS-1
mRNA, thereby promoting angiogenesis.

PEVs can be used as novel tumours biomarkers

With the rapid development of high-throughput
sequencing technologies, liquid biopsies have become
increasingly important in precision oncology. Liquid
biopsy is a novel technique that detects tumour-associ-
ated molecular markers in specimens by analysing CTCs,
circulating tumour DNA, circulating free DNA or RNA,
exosomes, TEPs, circulating tumour-derived endothelial
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cells, and protein molecules [157]. TEPs, as a class of
tumour-educated platelets, are important liquid biopsy
markers that are highly abundant; easily isolated from
blood; and rich in DNA, RNA, and proteins [157]. The
protein and RNA profiles of TEPs change dynamically in
patients with different types of cancer, even during the
early stages of disease. The combination of liquid biop-
sies with high-throughput sequencing technologies (par-
ticularly single-cell sequencing [158]) has been widely
used in recent years [157]. Numerous studies have shown
that PEVs (especially PMPs) can be used as biomarkers
for early diagnosis, monitoring disease progression, and
prognostic assessments of various tumours [148, 159—
165] (Table 4).

Table 4 Correlation between platelet-derived extracellular vesicles (PEVs) and clinicopathologic features and therapeutic outcomes of

tumour patients

Tumour types PEV Treatment Relationship with thera-  Relationship with  AUC Ref.
contents peutic outcomes clinicopathologic
features of tumour
patients
Breast cancer TPM3 Tumour metastasis ~ 0.8404 [148]
mMRNAs (95% Cl, 0.7566-0.9242,
p<0.001)
Tumour grading; [159]
tumour metasta-
sis; tissue-based
biomarkers (ER, PR,
Her-2)

NSCLC Immunotherapy PMPs >80 events/uL were 0.836 (959%C1,0.724— [160]
(pembrolizumab or associated with disease 0.948, p<0.0001)
nivolumab) + chemotherapy progression in advanced

NSCLC and independently
predicted the therapeutic
efficacy of immunotherapy
Chemotherapy; immuno-  PMPs>80 events/ul were 0.804 (959%Cl1,0.706- [161]
therapy; target therapy independently associated 0.903, p<0.0001)
with the progression of
advanced NSCLC
Chemotherapy £immuno- Biomarkers (HMGB1, [162]
therapy (bevacizumab) PAI-1)
Target therapy; Prognosis PDAC-MPs (time 3): [163]
chemotherapy 0.659 (95%Cl, 0.760—
0.907, p<0.001); PDAp-
MPs (time 3):0.707
(95%Cl, 0.667-0.847,
p=0.001)

Hormone-refractory Docetaxel-based Prognosis [164]

prostate cancer chemotherapy

Pancreatic ductal Surgery PEVs (CD41*-EVs and CD41*-EVs: 0.678 [165]

adenocarcinoma

CD61*-EVs) reflected
tumour burden before and
after surgical resection

(95%C1,0.552-0.804);
CD61*-EVs: 0.652
(95%C1,0.527-0.776)

Note: NSCLC, non-small cell lung cancer; AUC, area under the curve; PDAc-MPs, platelet-derived activated microparticles; PDAp-MPs, platelet-derived apoptotic

microparticles
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PEVs can be used as novel biomarkers for the early
diagnosis of tumours

Accurate and early detection of cancer is critical, and
there is an urgent need to develop novel biomarkers to
enable early diagnosis. EVs circulating in the peripheral
blood are potential non-invasive biomarkers to comple-
ment current clinical approaches for the early detection
of cancer. As one of the most common types of mic-
roparticles, the role of PMPs in cancer diagnosis has been
increasingly emphasised. Haghbin et al. found that the
number of circulating PMPs was higher in patients with
BC than in healthy controls, and the number of PMPs
was significantly correlated with tissue biomarkers, such
as oestrogen receptor (ER), progesterone receptor (PR),
and human epidermal growth factor receptor 2 (Her-
2) [159]. In addition, Odaka et al. [165] found that the
number of serum PEVs (CD41*-EVs and CD61"-EVs)
was significantly higher in patients with pancreatic duc-
tal adenocarcinoma (PDAC) than in healthy controls
and that the areas (AUCs) under the receiver operating
characteristic (ROC) curves of CD41"-EVs and CD61%-
EVs were 0.678 and 0.652, respectively, indicating that
they performed moderately well as diagnostic markers
and could assist in diagnosing PDAC. Recently, artificial
intelligence (AI) has gradually been used for the early
diagnosis of tumours [166]. The combined application
of AI technology with platelets and related molecules
in tumour detection and other areas is expanding. Best
et al. [167] demonstrated that particle-swarm optimisa-
tion—enhanced algorithms were effective at selecting
RNA biomarker panels from a platelet RNA sequencing
library (n=779), enabling the accurate TEP-based detec-
tion of early and advanced NSCLC (late-stage validation
cohort [n=518]: accuracy, 88%; AUC, 0.94; 95% confi-
dence interval [CI], 0.92-0.96; p<0.001; early-stage val-
idation cohort [#=106]: accuracy, 81%; AUC, 0.89; 95%
CI, 0.83-0.95; p<0.001). Furthermore, TEP RNA bio-
markers distinguish patients with NSCLC from healthy
individuals and those with non-cancerous inflammatory
conditions. Xie et al. [168] developed a machine-learn-
ing-based radiomics model to predict extrapancreatic
extension (EPE) and selected the most appropriate clas-
sifier, extreme gradient boosting (XGBoost), to construct
the model. Platelets were identified as the most relevant
clinical factor using a function known as SelectKBest,
and were added to the combined model, which has the
potential to noninvasively and accurately predict EPE
preoperatively, aiding in pancreatic cancer treatment. In
another study, the prognostic value of platelet-derived
growth factor receptor 3 was validated using an AI model
(Aiforia°Platform), further confirming it as a potential
marker for risk stratification and treatment of malignant
pleural mesothelioma [169]. AI combined with PMPs has
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a promising future in studying assisted tumour diagnosis,
but more studies on this topic need to be conducted.

PEVs can be used as novel biomarkers for monitoring
tumour progression

Disease progression refers to the change in a patient’s
condition, usually after disease onset. There is a lack of
a ‘gold standard’ for monitoring disease progression in
treating diseases, especially tumours. Studies have shown
that PMPs can be used to monitor cancer progression.
Haghbin et al. [159] found that, in patients with BC, the
number of PMPs was significantly higher in patients with
larger tumour sizes (T2) (750+356/uL; p<0.001) than in
patients with smaller tumour sizes (T1) (401.1+198.8/
puL) and controls (217.4+108.6/uL), and that the num-
ber of PMPs was significantly correlated with tumour
grading and tumour metastasis. In addition, Odaka et
al. [165] found that number of serum PEVs (CD41% EVs
and CD61" EVs) were significantly lower in patients
with PDAC after surgical resection; thus, the number of
CD41* EVs and CD61* EVs may reflect the tumour bur-
den. Furthermore, we examined whether the preopera-
tive number of EVs could predict PDAC recurrence, and
the results indicated that the recurrence group exhibited
a trend toward more CD41*-EVs and CD61"-EVs than
the non-recurrence group, although this was not statis-
tically significant. Moreover, the AUC values of CD417"-
VEs and CD61*-EVs in early PDAC (0.685 and 0.657,
respectively) were similar to those in late PDAC (0.668
and 0.644, respectively), suggesting that the number of
serum PEVs was similar in early and late PDAC.

PEVs can be used as novel biomarkers for prognostic
assessments of tumours

One of the current difficulties in clinical research is iden-
tifying markers for clinical use to monitor treatment
efficacy, recurrence, and metastasis, and evaluate the
prognosis of malignant tumours. Recent studies have
shown that PMPs play an important role in the prognostic
assessment of various tumours. In a study analysing cir-
culating PMPs after treatment with immune checkpoint
inhibitors in patients with advanced NSCLC, the number
of PMPs was significantly higher in the immune-related
disease progression group than the immune-related
objective response group. It was concluded that PMPs
independently predicted the therapeutic effect of immu-
notherapy. The ROC curve showed an AUC of 0.836 (95%
CI, 0.724-0.948, p<0.0001), a sensitivity of 88.9%, a spec-
ificity of 71.9%, a positive predictive value of 64.0%, and a
negative predictive value of 92.0% when PMPs were used
to predict the effects [160]. In a similar study by Liu et al.
[161], 86 patients with NSCLC were included. Multivari-
ate logistic regression analysis showed that a PMP con-
centration>80 events/puL (odds ratio [OR], 10.968; 95%
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Cl, 2.973-40.462, p<0.0001) was independently associ-
ated with the progression of advanced NSCLC and that
predictive models of disease progression using neutrophil
microparticles and PMPs combined with the neutrophil/
lymphocyte ratio were effective at identifying 80.8% of
patients with disease progression. Niki et al. [162] found
that the number of PMPs in NSCLC correlated with the
levels of high-mobility group box-1 (HMGB1) and plas-
minogen activator inhibitor-1 (PAI-1), and that the com-
bined increase in all three parameters was associated
with the prognosis of NSCLC. Similarly, Yamanaka et al.
[170] found that the combined increase in the number of
PMPs and the levels of HMGB1 might be associated with
cancer-associated thrombosis, leading to a poor progno-
sis. A study by Wang et al. [163] confirmed significantly
higher concentrations of platelet-derived activated mic-
roparticles (PDAc-MPs) and platelet-derived apoptotic
microparticles (PDAp-MPs) in PMPs in the third month
after treatment in the disease progression group than
the disease control group (circulating concentrations of
PDAp-MPs and PDAc-MPs were >15,055 counts/mL
and 62,700.5 counts/mL, respectively), suggesting that
PDAc-MPs and PDAp-MPs may be useful biomarkers for
predicting prognostic outcomes in patients with NSCLC.
Helley et al. [164] studied patients with hormone-refrac-
tory prostate cancer and found that patients with a PMP
concentration>6,867/uL in whole blood had a signifi-
cantly shorter median overall survival (OS) time than
patients with lower PMP concentrations (16.7 months
versus 26.4 months, p=0.034 [Breaslow-Gehan test]),
and a statistically significant interaction term between
PMPs and platelets was significantly associated with OS
(p=0.019). In addition, a study analysing patients with
upper gastrointestinal malignancies undergoing abdomi-
nal surgery demonstrated increased PMP formation at
high preoperative shear stress (p<0.0001), which was
further enhanced on postoperative day 1 (p=0.0012),
suggesting that surgical intervention may increase the
risk of thrombotic complications [171].

PEVs are potential therapeutic targets of cancer
Since platelet activation is closely related to tumour
progression, inhibiting platelet activation is one way
to inhibit tumour progression. Traditional therapeutic
targets for inhibiting platelet activation mainly include
cyclooxygenase-1, integrin allbp3, and the P2Y12 recep-
tor [172]. However, platelet-derived nanostructures or
microstructures, such as engineered platelets and platelet
membrane (PM)-encapsulated nanoparticles, are emerg-
ing as potential drug-delivery systems in cancer therapy,
due to the natural binding and accumulation properties
of platelets to the tumour site; thus, they can achieve bet-
ter tumour targeting than conventional chemically syn-
thesized nanocarriers [173].
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PEVs and PEVs-associated nanoparticles as carriers for
drug delivery

Targeting drugs to specific sites of action via nanocar-
riers has opened a new treatment paradigm [174]. PEVs
and platelet-derived nanoparticles represent promising
avenues for developing novel drug-delivery systems with
significant therapeutic potential. PEVs, which are lipid
vesicle nanocontainers loaded with bioactive molecules
[175], and platelet-derived nanoparticles, which are
nanostructures that utilise platelet membranes to cover
the synthesised nanoparticles [176], are relatively similar
in nature, with both exerting their targeting effects on the
PM surface.

PEVs have attracted considerable attention as promis-
ing carriers for drug delivery. There are two general drug-
loading strategies for PEVs: one based on preloading the
drug into platelets, immediately followed by the produc-
tion of PEVs, and the other based on the post-loading of
isolated PEVs. The first strategy was reported by Zhang
et al. [177] who showed that cyclophosphamide-loaded
PD-1-presenting platelets, by releasing PD-1-modified
cyclophosphamide-loaded PMPs, blocked the immuno-
suppressive effects of PD-L1 on tumour cells, depleted
regulatory T cells (Tregs), and promoted the appearance
of CD8" lymphocytes in the TME. In the second strategy,
Ning et al. [178] designed platelet-exosome-hybridised
liposome nanoparticles co-loaded with aggregation-
induced emission photosensitizers and chloroperoxidase
to promote uninterrupted single-linear oxygen produc-
tion, thereby enhancing BC immunotherapy.

The application of platelet-derived nanoparticles in
anti-tumour therapy has also been increasingly investi-
gated. Shang et al. [179] constructed a nanoplatform of
zirconia nanoparticles (ZrO2 NPs) coated with a plate-
let membrane (PLT@ZrO2) that significantly inhibited
tumour growth, invasion, and metastasis. Zhuang et al.
[180] reported a platelet-cell-membrane-coated metal-
organic framework nanodelivery platform for the in vivo
targeted delivery of small interfering RNAs (siRNAs).
Significant anti-tumour targeting and therapeutic efficacy
were observed in a mouse xenograft model using this
platform. In addition, nanoscale vesicle systems based
on platelet microparticles have been developed, such as
platelet-microparticle-inspired nanovesicle (PMIN) sys-
tems, which can be targeted for drug delivery [175] and
may be applied to anti-tumour therapy in the future.

Potential application of PEVs and PEVs-associated
nanoparticles in anti-tumour therapy

Given the pivotal role of platelets in tumourigenesis, anti-
platelet therapy has emerged as a promising avenue for
cancer treatment [181]. Recent studies have highlighted
the potential of PEVs as key players in anti-tumour ther-
apy. However, some studies have indicated that certain
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natural PEVs can potentially affect tumour growth, such
as PEVs that inhibit mitochondrial mt-ND2 and Snora75
(a non-coding small nucleolar RNA) by transferring miR-
24, resulting in mitochondrial dysfunction and tumour
cell growth inhibition [134]. Michael et al. [134] infused
human PMPs into tumor allograft model mice and
observed significant inhibition of tumour growth. Fur-
ther studies demonstrated that miR-24 played a partial
role in the effect of PMPs, a finding that was confirmed
by in vitro experiments. Furthermore, mice deficient in
the thrombin receptor, PAR4, which has been demon-
strated to be a primary stimulant of PMP production,
exhibit diminished PMP concentrations and acceler-
ated growth of solid tumours. Conversely, PMP infusion
impedes tumour growth. These findings offer a potential
avenue for targeted tumour therapy. Nonetheless, most
researchers have focused on the potential of engineered
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PEVs in anti-tumour therapy. Studies have demonstrated
that engineered PEVs play a pivotal role in anti-tumour
therapy when used in conjunction with photothermal
therapy (PTT), immunotherapy, and chemotherapy
(Fig. 5).

Application of engineered PEVs in conjunction with PTT in
anti-tumour therapy

The combination of engineered PEVs and PTT has
been demonstrated to be beneficial in the treatment of
tumours. Ma et al. [182] combined platelet exosomes
with photothermal-sensitive liposomes, and added glu-
cose oxidase (GOx, G) and ferric ammonium (FAc, F)
to form a laser-controlled nanosystem (FG@PEL). FG@
PEL achieved excellent tumour inhibition owing to vari-
ous synergistic strategies to amplify its therapeutic effect.
Wu et al. [183] proposed a local chemical PTT strategy
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Fig. 5 The potential application of platelet-derived extracellular vesicles (PEVs) in the targeted therapy of cancer. (A) PEVs combined with photothermal
therapy. Combining platelet exosomes with photothermal sensitive liposomes, and adding glucose oxidase (GOx, G) and ferric ammonium (FAc, F) to
form a laser controlled nanosystem (FG@PEL) that inhibits tumour progression under laser irradiation. (B) PEVs combined with immunotherapy. Combin-
ing Vadimezan with aPDL1-bound platelets (P@aPDL1), in which Vadimezan induces apoptosis of tumour vascular endothelial cells and leads to hemor-
rhagic necrosis at the tumour site, promotes the recruitment and activation of aPDL1-bound platelets, and produces aPDL1-modified PMPs, which diffuse
in the tumour triggering an immune response and causing an anti-tumour effect. (C) PEVs combined with chemotherapeutic drugs. Cryopreserved
DOX-loaded PLT can reach the tumour microenvironment, where they are activated and release DOX and PEV-DOX under the influence of procoagulant
factors and cancer cell-derived extracellular vesicles expressing tissue factor (TF-EV) released by cancer cells, inducing cancer cell death
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for orthotopic mouse liver cancer promoted by plate-
let membranes. Polypyrrole (PPy) nanoparticles act as
photothermal agents and are encapsulated in the plate-
let membrane (PLT-PPy-DOX) together with the anti-
tumour drug DOX. These nanoparticles demonstrated
excellent antitumour efficiency by inhibiting primary
tumour growth and tumour metastasis. Jing et al. [184]
encapsulated melanin nanoparticles (MNPs) and DOX
in RGD peptide (c(RGDyC))-modified nanoscale platelet
vesicles (RGD-NPVs), resulting in RGD-NPVs@MNPs/
DOX. Their results demonstrated that RGD-NPVs@
MNPs/DOX evaded immune clearance and achieved
chemical photothermal elimination of drug-resistant
breast tumour cells and the tumour vascular system,
resulting in various effects, including reversing multi-
drug resistance to effectively kill drug-resistant cancer
cells; eliminating the tumour vascular system to block
the supply of nutrients to the tumour and metastasis; and
permanently inhibiting the expression of VEGF, MMP-2,
and MMP-9. Chen et al. [185] prepared mesoporous sil-
ica-coated bismuth nanorods (BMSNR) disguised using
a platelet membrane, resulting in BMSNR@PM. This
hybrid material combined PTT and radiotherapy to kill
cancer cells in vitro. It has tumour-targeting, immune
escape, and radiation sensitisation functions that collec-
tively enable personalised PTT. Ye et al. [186] modified
PM on the surface of nanoparticles, in which the che-
motherapeutic drug DOX and the photothermal agent
indocyanine green were co-encapsulated. In three xeno-
graft and orthotopic breast-tumour-bearing mouse mod-
els, the primary tumour was completely ablated, and BC
metastasis was effectively inhibited.

Application of engineered PEVs in conjunction with
immunotherapy in anti-tumour therapy

Combining PEVs with anti-PD1 (aPD1) and anti-PDL1
(aPDL1) antibodies is a promising approach in tumour
immunotherapy. Li et al. [26] recently reported the com-
bined effects of vadimezan and aPDL1-bound platelets
(P@aPDL1). Vadimezan was found to induce the apop-
tosis of tumour vascular ECs, leading to haemorrhagic
necrosis at the tumour site; promote the recruitment
and activation of aPDL1-bound platelets; and produce
aPDL1-modified PMPs. The diffusion of particles within
the tumour triggered an immune response and exerted
antitumour effects. Furthermore, Hu et al. [187] dem-
onstrated that the release of aPDL1 was accelerated fol-
lowing the thrombin-induced activation of platelets and
the formation of PMPs. PMP-aPDL1 bound to melanoma
cells, resulting in the relocation of aPDL1 to their sur-
face. Hu et al. [188] combined a platelet-modified anti-
PD-1 antibody with hematopoietic stem cells (HSCs)
and injected them intravenously into mice with leukae-
mia. The HSC-platelet-aPD-1 conjugate migrated to the
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bone marrow. Platelet activation promoted the release of
anti-PD-1 antibodies through the production of PMPs.
This process has been shown to significantly enhance the
anti-leukaemic immune response, increase the number
of active T cells, induce the production of cytokines and
chemokines, and prolong the survival of mice.

Application of engineered PEVs in conjunction with
chemotherapeutic drugs in anti-tumour therapy

Several studies have investigated the potential of engi-
neered PEVs combined with chemotherapeutic drugs for
anti-tumour therapy. A straightforward and expeditious
method for preparing DOX-loaded PMPs (PMPDox) has
been reported. The efficacy of PMPDox at targeting leu-
kaemia cells and minimising off-target drug delivery has
been validated, and potential therapeutic applications
of PMPs as biocompatible drug delivery carriers against
cancer cells have been explored [189]. In a study by Wu
et al. [190], cryopreserved DOX-loaded PLT reached
the TME through the blood circulation, where they
were activated and released DOX and PEV-DOX under
the influence of procoagulant factors and cancer cell-
derived EVs expressing tissue factor (TF-EV). This pro-
cess induced cancer cell death. Liu et al. [191] developed
a biomimetic nanocarrier based on platelet membranes
(denoted as PEOz-liposome-DOX) by fusing platelet
membranes with liposomes. The carrier was created by
fusing a platelet membrane with traditional liposomes to
form a hybrid membrane vesicle (platelets). The pH-sen-
sitive lipid DSPE-PEOz was incorporated into the platelet
membrane to accelerate drug release in an acidic environ-
ment, and DOX was simultaneously encapsulated in the
particles by hydration. This carrier is suitable for tumour-
targeted delivery and pH-induced drug release. When
loaded with the chemotherapeutic drug DOX, the nano-
preparation effectively delivered DOX to the tumour tis-
sue, exhibiting enhanced antitumour efficacy compared
with pH-sensitive liposomes and platelet microparticles,
while simultaneously avoiding the occurrence of signifi-
cant adverse reactions. Wang et al. [192] prepared porous
nanoparticles loaded with the anticancer drug bufalin
(Bu) using chitosan oligosaccharide (CS)-poly(lactic-
co-glycolic acid) (PLGA) as a raw material and then
coated them with a platelet membrane to form PLTM-
CS-pPLGA/Bu nanoparticles. The PLTM-CS-pPLGA/
Bu nanoparticles exhibited active targeting capabilities
and were effective at inhibiting tumour growth. Wang et
al. [193] constructed platelet-membrane-functionalised
buffalin-loaded HMnO, nanoparticles (PLTM-HMnO,@
Bu NPs). These nanoparticles have been demonstrated
to effectively inhibit tumour growth and they represent
promising drug-delivery systems for magnetic resonance
imaging monitoring and enhanced tumour-targeted ther-
apy. In a recent study, Mei et al. developed a biomimetic
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platelet-membrane-cloaked paclitaxel (PT) nanocrystal
system that can deliver high doses of chemotherapeutic
drugs and target coagulation sites caused by surgery or
vascular disruptors. This approach enhances antitumour
effects and reduces systemic toxicity [194]. Bang et al.
[195] designed paclitaxel-loaded nanostructured lipid
carriers (PT-NLC) and PLT membrane proteins. They
successfully prepared spherical PT-NLC and platelet
membrane-coated PT-NLC with affinity and targeting
abilities toward tumour cells.

Application of engineered PEVs in conjunction with other
pharmaceutical agents in anti-tumour therapy

Engineered PEVs have been combined with Western
medicine to treat tumours. Zuo et al. [196] used a platelet
membrane as a nanocarrier to co-load W,40,4 nanopar-
ticles and metformin (PM-W, 40,-Met NPs). PM pro-
tected W40, from oxidation and immune escape and
increased the accumulation of W40, at the tumour
site through passive enhanced permeability and reten-
tion effects and the active adhesion between platelets
and cancer cells. Metformin is a typical antidiabetic
drug that can alleviate tumour hypoxia by reducing oxy-
gen consumption. Therefore, PM-W18049-Met NPs
have been demonstrated to inhibit tumour growth and
induce tumour cell apoptosis. Furthermore, engineered
PEVs can be combined with traditional Chinese medi-
cines to treat tumours. Kim et al. [197] designed RBCs
and platelet-membrane-coated gold nanostars containing
curcumin (R/P-cGNS) and showed that R/P-cGNS can
target melanoma cells and avoid macrophage phagocyto-
sis, while inhibiting the inflammatory response.

Conclusion and future perspectives

Platelets are important components of the TME [9, 74],
and thus, they have received increasing attention in
recent years. EVs are considered important ‘bridges’ for
cell-to-cell information exchange in the TME, mainly
because they contain biologically active components
(including RNA and proteins). Several studies have iden-
tified the potential of PEVs as novel tumour markers
and targets for tumour therapy. However, they still have
a long way to go, from basic research to clinical transla-
tional applications. Moreover, establishing a suitable and
reproducible method for producing PEVs with optimal
properties remains elusive. Although Aatonen et al. [17]
found that stimulation with Ca®" ion carriers produced
more PEVs than stimulation with thrombin, collagen, or
ADP, proteomic analyses showed that Ca®"-generated
vesicles carried fewer target proteins. Furthermore, the
large-scale production of clinical-grade PEVs is limited
by their high cost. Ethical issues may need to be con-
sidered if specialised platelet collection procedures are
required to provide sufficient platelet concentrates as
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a source material for PEVs [198]. In addition, there are
deficiencies in the purification and characterisation of
PEVs. There are several challenges in the purification of
PEVs, such as low separation efficiency, sample loss, low
recovery and purity of the EVs, and batch-to-batch varia-
tions. Therefore, it is vital to provide a comprehensive
characterisation of PEVs, encompassing aspects such as
size, morphology, concentration, the presence of mark-
ers or contents, and the removal of contaminants. There
are no standard procedures for the purification and char-
acterisation of PEVs. Furthermore, it is difficult to pre-
serve PEVs after purification. The preservative reagents
must have an osmotic pressure similar to that of body
fluids to maintain the membrane structure of the phos-
pholipid bilayers; otherwise, the proteins and RNAs with
biological functions within the PEVs will be easily inacti-
vated. Moreover, it is difficult to select appropriate PEV
blood concentrations as treatment standards because of
the lack of standardised testing methods to accurately
define PEV concentrations. Engineered PEVs need to be
improved to maintain desirable physicochemical prop-
erties of the vesicles and increase the loading efficiency.
Moreover, most methods used for extracellular vesicle
engineering struggle to find a balance between stabilising
the load, surface modifications, and maintaining vesicle
biocompatibility. Furthermore, materials added to PEVs
used as drug delivery vehicles may have potential safety
concerns. For example, cationic/ionizable lipids may acti-
vate the Toll-like receptor pathway, causing cytotoxic-
ity and leading to inflammation. In addition, PEVs have
limitations, such as low targeting efficiency, susceptibility
to phagocytosis by the immune system, and difficulty in
controlling the dose used.

Although research on PEVs is challenging, future
research remains promising. The experience gained from
the preclinical and clinical evaluations of PEVs will pro-
vide essential information on their quality and safety,
including the effective therapeutic dose, their pharmaco-
dynamic and pharmacokinetic properties, and their ther-
apeutic value [198]. This will facilitate the introduction
of PEVs in clinics and benefit EV researchers. Although
PEVs have been reported to play an important role in
tumour immunotherapy, they are mainly in the animal
experimentation stage, and it takes a long time from ani-
mal experimentation to clinical therapeutic application.
Moreover, given that the combination of platelets and Al
can be used for early diagnosis, monitoring disease pro-
gression, and prognostic assessments of a wide range of
tumours, the development of novel detection markers by
combining PEVs with Al could be a future trend. Drugs
that target platelets may also affect EV secretion, thereby
affecting tumour progression. Cilostazol affects phospho-
diesterase to inhibit platelet activity and thus, tumour
progression [199]; however, whether cilostazol also
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affects platelet EVs remains unknown. Aspirin admin-
istration induces the suppression of plasma PEV cargo
protein levels [200], which may explain why aspirin has
been shown to inhibit cancer progression. However, aspi-
rin has side effects, such as an increased risk of bleed-
ing, menorrhagia, nausea, and vomiting [201]. Novel
drugs that inhibit the release of PEVs induced by cancer
cells have promising applications [202], as they are spe-
cifically targeted towards PEVs associated with tumour
metastasis and do not affect coagulation as they do not
inhibit whole-platelet function, thus avoiding several side
effects. From a laboratory perspective, the selective elim-
ination of PMPs, but not MPs, from other cell sources
has been achieved in the TMEMI16F-knockout mouse
model [203-205]. Furthermore, inhibiting the ability of
tumour cells to take up PEVs through gene therapy is a
future cancer treatment strategy.

Because the production of PEVs is highly dependent
on parental cell platelets, the development of stem-cell-
differentiation-based in vitro platelet generation tech-
nologies for the large-scale production of clinical-grade
PEVs may be a future direction. In addition, synthetic
biology strategies can be used to modify megakaryocytes
or platelets by introducing genes of interest to confer
additional functions to PEVs [103]. Similar to EVs, PEVs
can be designed to deliver suicide gene mRNAs and pro-
teins to target tissues, thereby establishing a novel cancer
therapeutic strategy [206, 207]. With the development
of high-throughput technology and the increased preva-
lence of precision therapy research, we believe that, in
the near future, the mechanism of PEVs in tumourigene-
sis and tumour progression will be further elucidated and
more breakthroughs in clinical translational applications
will be achieved.

Abbreviations

ACSL Long-chain fatty acyl-CoA ligase
aPD1 Anti-PD1

aPDL1 Anti-PDL1

AUC Area under the curve

BC Breast cancer

CircRNAs Circular RNA

CLL Chronic lymphocytic leukemia
CTCs Circulating tumor cells

DOX Doxorubicin

ECM Extracellular matrix

ECs Endothelial cells

ELISA Enzyme-linked immunosorbent assay
EPE Extrapancreatic extension

EVs Extracellular vesicles

FASN Fatty acid synthase

HMGB1 High-mobility group box-1
HUVECs Human umbilical vein endothelial cells
IL-6 Interleukin-6

ILVs Intraluminal vesicles

LncRNAs Long non-coding RNAs

MiRNAs MicroRNAs

MMP Matrix metalloproteinase
mtDNA Mitochondrial DNA

MVBs Multivesicular bodies

Page 20 of 25

MVs Microvesicles

NCCD Nomenclature Committee for Cell Death
NPC Nasopharyngeal carcinoma

NSCLC Non-small cell lung cancer

oS Overall survival

0sCC Oral squamous cell carcinoma

PAI-1 Plasminogen activator inhibitor-1
PDAC-MPs Platelet-derived activated microparticles
PDAC Pancreatic ductal adenocarcinoma
PDAp-MPs  Platelet-derived apoptotic microparticles
PDH Pyruvate dehydrogenase

PEVs Platelet-derived extracellular vesicles
PIRNAs PIWl-interacting RNAs

PMPs Platelet-derived microparticles

PMVs Platelet-derived microvesicles

PTT Photothermal therapy

ROC Receiver operating characteristic
SiIRNAs Small interfering RNAs

SncRNAs Small non-coding RNAs

TEPs Tumor-educated platelets

TME Tumour microenvironment

VEGF Vascular endothelial growth factor

Acknowledgements
Not applicable.

Author contributions
ZW.and G.O. wrote the main manuscript text and ZW. prepared Figs. 1, 2, 3,4
and 5. All authors reviewed the manuscript.

Funding

This study was supported by the National Natural Science Foundation of
China (82373062), the Outstanding Youth Foundation of Hunan Provincial
Natural Science Foundation of China (2022JJ20098), the Natural Science
Foundation of Hunan Province (2022JJ40784 and 2024JJ7636), and the Central
South University Innovation-Driven Research Programme (2023CXQD075).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 29 June 2024 / Accepted: 12 August 2024
Published online: 26 August 2024

References

1. Antich-Rossello M, Forteza-Genestra MA, Monjo M, Ramis JM. Platelet-derived
extracellular vesicles for regenerative medicine. Int J Mol Sci. 2021;22.

2. Machlus KR, Italiano JE Jr. The incredible journey: from megakaryocyte devel-
opment to platelet formation. J Cell Biol. 2013;201:785-96.

3. PuhmF, Boilard E, Machlus KR. Platelet extracellular vesicles: beyond the
blood. Arterioscler Thromb Vasc Biol. 2021;41:87-96.

4. Pivkin |, Richardson P, Karniadakis G. Effect of red blood cells on platelet
aggregation. IEEE Eng Med Biol Mag. 2009;28:32-7.

5. Gale RP, Champlin RE, Feig SA, Fitchen JH. Aplastic anemia: biology and treat-
ment. Ann Intern Med. 1981,95:477-94.

6. RiedlJ, Ay C, Pabinger I. Platelets and hemophilia: a review of the literature.
Thromb Res. 2017;155:131-9.

7. Brydon L, Magid K, Steptoe A. Platelets, coronary heart disease, and stress.
Brain Behav Immun. 2006;20:113-9.



Zhuang et al. Biomarker Research

20.
21.
22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

(2024) 12:88

Haemmerle M, Stone RL, Menter DG, Afshar-Kharghan V, Sood AK. The
platelet lifeline to cancer: challenges and opportunities. Cancer Cell.
2018,33:965-83.

de Visser KE, Joyce JA. The evolving tumor microenvironment: from cancer
initiation to metastatic outgrowth. Cancer Cell. 2023;41:374-403.

Wang D, Han YY, Peng LS, Huang T, He XY, Wang JP, Ou CL. Crosstalk between
N6-methyladenosine (m6A) modification and noncoding RNA in tumor
microenvironment. Int J Biol Sci. 2023;19:2198-219.

LiY, Wang H, Zhao Z,Yang Y, Meng Z, Qin L. Effects of the interactions
between platelets with other cells in tumor growth and progression. Front
Immunol. 2023;14:1165989.

Zaborowski MP, Balaj L, Breakefield XO, Lai CP. Extracellular vesicles: composi-
tion, biological relevance, and methods of study. Bioscience. 2015;65:783-97.
Nie H, Liao Z, Wang Y, Zhou J, He X, Ou C. Exosomal long non-coding RNAs:
emerging players in cancer metastasis and potential diagnostic biomarkers
for personalized oncology. Genes Dis. 2021;8:769-80.

Mathieu M, Martin-Jaular L, Lavieu G, Thery C. Specificities of secretion and
uptake of exosomes and other extracellular vesicles for cell-to-cell communi-
cation. Nat Cell Biol. 2019,21:9-17.

Mager SELA, Breakefield |, Wood XO. Extracellular vesicles: biology and
emerging therapeutic opportunities. Nat Rev Drug Discov. 2013;12:347-57.
Lee Y, El Andaloussi S, Wood MJ. Exosomes and microvesicles: extracellular
vesicles for genetic information transfer and gene therapy. Hum Mol Genet.
2012;21:R125-134.

Aatonen MT, Ohman T, Nyman TA, Laitinen S, Gronholm M, Siljander PR. Isola-
tion and characterization of platelet-derived extracellular vesicles. J Extracell
Vesicles. 2014; 3.

Shi Q, JiT, Tang X, Guo W. The role of tumor-platelet interplay and micro
tumor thrombi during hematogenous tumor metastasis. Cell Oncol (Dordr).
2023;46:521-32.

Coller BS. Bizzozero and the discovery of the blood platelet. Lancet.
1984;1:804.

Kaushansky K. Thrombopoiesis. Semin Hematol. 2015;52:4-11.

Elgheznawy A, Fleming I. Platelet-enriched MicroRNAs and cardiovascular
homeostasis. Antioxid Redox Signal. 2018;,29:902-21.

Crawford N. The presence of contractile proteins in platelet microparticles
isolated from human and animal platelet-free plasma. Br J Haematol.
1971;21:53-69.

Garcia BA, Smalley DM, Cho H, Shabanowitz J, Ley K, Hunt DF. The platelet
microparticle proteome. J Proteome Res. 2005;4:1516-21.

Yuana Y, Oosterkamp TH, Bahatyrova S, Ashcroft B, Garcia Rodriguez P, Bertina
RM, Osanto S. Atomic force microscopy: a novel approach to the detection of
nanosized blood microparticles. J Thromb Haemost. 2010;8:315-23.

Hu Q Qian C, Sun W, Wang J, Chen Z, Bomba HN, Xin H, Shen Q, Gu Z.
Engineered nanoplatelets for enhanced treatment of multiple myeloma and
thrombus. Adv Mater. 2016;28:9573-80.

LiH,Wang Z,Chen Z, CiT, Chen G, Wen D, Li R, Wang J, Meng H, Bryan Bell

R, et al. Disrupting tumour vasculature and recruitment of aPDL1-loaded
platelets control tumour metastasis. Nat Commun. 2021;12:2773.

LiT, ChenT, Chen H,Wang Q, Liu Z, Fang L, Wan M, Mao C, Shen J.
Engineered platelet-based micro/nanomotors for cancer therapy. Small.
2021;17:2104912.

Koupenova M, Kehrel BE, Corkrey HA, Freedman JE. Thrombosis and platelets:
an update. Eur Heart J. 2017,38:785-91.

Xu XR, Zhang D, Oswald BE, Carrim N, Wang X, Hou Y, Zhang Q, Lavalle C,
McKeown T, Marshall AH, Ni H. Platelets are versatile cells: new discoveries in
hemostasis, thrombosis, immune responses, tumor metastasis and beyond.
Crit Rev Clin Lab Sci. 2016;53:409-30.

Olnes MJ, Scheinberg P, Calvo KR, Desmond R, Tang Y, Dumitriu B, Parikh AR,
Soto S, Biancotto A, Feng X, et al. Eltrombopag and improved hematopoiesis
in refractory aplastic anemia. N Engl J Med. 2012;367:11-9.

Stone RM, Mandrekar SJ, Sanford BL, Laumann K, Geyer S, Bloomfield CD,
Thiede C, Prior TW, Dohner K, Marcucci G, et al. Midostaurin plus chemo-
therapy for acute myeloid leukemia with a FLT3 mutation. N Engl J Med.
2017;377:454-64.

Feld J, Silverman LR, Navada SC. Forsaken pharmaceutical: glasdegib in acute
myeloid leukemia and myeloid diseases. Clin Lymphoma Myeloma Leuk.
2021;21:e415-22.

Cherry EM, Abbott D, Amaya M, McMahon C, Schwartz M, Rosser J, Sato A,
Schowinsky J, Inguva A, Minhajuddin M, et al. Venetoclax and azacitidine
compared with induction chemotherapy for newly diagnosed patients with
acute myeloid leukemia. Blood Adv. 2021;5:5565-73.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Page 21 of 25

Stein EM, DiNardo CD, Pollyea DA, Fathi AT, Roboz GJ, Altman JK, Stone RM,
DeAngelo DJ, Levine RL, Flinn IW, et al. Enasidenib in mutant IDH2 relapsed
or refractory acute myeloid leukemia. Blood. 2017;130:722-31.

Montesinos P, Recher C, Vives S, Zarzycka E, Wang J, Bertani G, Heuser M,
Calado RT, Schuh AC, Yeh SP, et al. Ivosidenib and azacitidine in IDH1-mutated
acute myeloid leukemia. N Engl J Med. 2022;386:1519-31.

Oldenburg J, Mahlangu JN, Kim B, Schmitt C, Callaghan MU, Young G, Santa-
gostino E, Kruse-Jarres R, Negrier C, Kessler C, et al. Emicizumab prophylaxis
in hemophilia A with inhibitors. N Engl J Med. 2017;377:809-18.

Pasi KJ, Rangarajan S, Georgiev P, Mant T, Creagh MD, Lissitchkov T, Bevan D,
Austin S, Hay CR, Hegemann |, et al. Targeting of antithrombin in hemophilia
A or B with RNAi therapy. N Engl J Med. 2017;377:819-28.

Shapiro AD, Angchaisuksiri P, Astermark J, Benson G, Castaman G, Chowdary
P Eichler H, Jimenez-Yuste V, Kavakli K, Matsushita T, et al. Subcutaneous
concizumab prophylaxis in hemophilia A and hemophilia A/B with inhibitors:
phase 2 trial results. Blood. 2019;134:1973-82.

Polo JM, Dell'Oso T, Ranuncolo SM, Cerchietti L, Beck D, Da Silva GF, Prive GG,
Licht JD, Melnick A. Specific peptide interference reveals BCL6 transcrip-
tional and oncogenic mechanisms in B-cell lymphoma cells. Nat Med.
2004;10:1329-35.

Polo JM, Juszczynski P, Monti S, Cerchietti L, Ye K, Greally JM, Shipp M, Melnick
A.Transcriptional signature with differential expression of BCL6 target genes
accurately identifies BCL6-dependent diffuse large B cell lymphomas. Proc
Natl Acad Sci U S A. 2007;104:3207-12.

Faber AC, Chiles TC. Resveratrol induces apoptosis in transformed follicular
lymphoma OCI-LY8 cells: evidence for a novel mechanism involving inhibi-
tion of BCL6 signaling. Int J Oncol. 2006;29:1561-6.

Das M. Copanlisib in heavily pretreated indolent lymphoma. Lancet Oncol.
2017;18:€650.

Locatelli SL, Giacomini A, Guidetti A, Cleris L, Mortarini R, Anichini A, Gianni
AM, Carlo-Stella C. Perifosine and sorafenib combination induces mito-
chondrial cell death and antitumor effects in NOD/SCID mice with Hodgkin
lymphoma cell line xenografts. Leukemia. 2013;27:1677-87.

Johnston PB, Pinter-Brown LC, Warsi G, White K, Ramchandren R. Phase 2
study of everolimus for relapsed or refractory classical Hodgkin lymphoma.
Exp Hematol Oncol. 2018;7:12.

Morschhauser F, Tilly H, Chaidos A, McKay P, Phillips T, Assouline S, Batlevi CL,
Campbell P, Ribrag V, Damaj GL, et al. Tazemetostat for patients with relapsed
or refractory follicular lymphoma: an open-label, single-arm, multicentre,
phase 2 trial. Lancet Oncol. 2020;21:1433-42.

Wang ML, Rule S, Martin P, Goy A, Auer R, Kahl BS, Jurczak W, Advani RH,
Romaguera JE, Williams ME, et al. Targeting BTK with ibrutinib in relapsed or
refractory mantle-cell lymphoma. N Engl J Med. 2013;369:507-16.

Nguyen TB, Sakata-Yanagimoto M, Fujisawa M, Nuhat ST, Miyoshi H, Nannya
Y, Hashimoto K, Fukumoto K, Bernard OA, Kiyoki Y, et al. Dasatinib is an
effective treatment for angioimmunoblastic T-cell lymphoma. Cancer Res.
2020;80:1875-84.

Flinn IW, Bartlett NL, Blum KA, Ardeshna KM, LaCasce AS, Flowers CR, Shustov
AR, Thress KS, Mitchell P, Zheng F, et al. A phase Il trial to evaluate the efficacy
of fostamatinib in patients with relapsed or refractory diffuse large B-cell
lymphoma (DLBCL). Eur J Cancer. 2016;54:11-7.

Younes A, Romaguera J, Fanale M, McLaughlin P, Hagemeister F, Copeland
A, Neelapu S, Kwak L, Shah J, de Castro Faria S, et al. Phase | study of a novel
oral Janus kinase 2 inhibitor, SB1518, in patients with relapsed lymphoma:
evidence of clinical and biologic activity in multiple lymphoma subtypes. J
Clin Oncol. 2012;30:4161-7.

Schwartzberg L, Hermann R, Flinn |, Flora D, Hsi ED, Hamid O, Shi P, Lin

BK, Myrand SP, Nguyen TS, Dreyling M. Open-label, single-arm, phase Il
study of enzastaurin in patients with follicular lymphoma. Br J Haematol.
2014;,166:91-7.

Kalakonda N, Maerevoet M, Cavallo F, Follows G, Goy A, Vermaat JSP, Casa-
snovas O, Hamad N, Zijlstra JM, Bakhshi S, et al. Selinexor in patients with
relapsed or refractory diffuse large B-cell lymphoma (SADAL): a single-arm,
multinational, multicentre, open-label, phase 2 trial. Lancet Haematol.
2020;7:e511-22.

Baigent C, Keech A, Kearney PM, Blackwell L, Buck G, Pollicino C, Kirby A,
Sourjina T, Peto R, Collins R, et al. Efficacy and safety of cholesterol-lowering
treatment: prospective meta-analysis of data from 90,056 participants in 14
randomised trials of statins. Lancet. 2005;366:1267-78.

Group HTRC, Bowman L, Hopewell JC, Chen F, Wallendszus K, Ste-

vens W, Collins R, Wiviott SD, Cannon CP, Braunwald E, et al. Effects of



Zhuang et al. Biomarker Research

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

(2024) 12:88

anacetrapib in patients with atherosclerotic vascular disease. N Engl J Med.
2017;377:1217-27.

Banerjee Y, Shah K, Al-Rasadi K. Effect of a monoclonal antibody to PCSK9 on
LDL cholesterol. N Engl J Med. 2012,366:2425-6. author reply 2426.
O'Donoghue ML, Giugliano RP, Wiviott SD, Atar D, Keech A, Kuder JF, Im K,
Murphy SA, Flores-Arredondo JH, Lopez JAG, et al. Long-term evolocumab in
patients with established atherosclerotic Cardiovascular Disease. Circulation.
2022;146:1109-19.

Feng Q Li X, Qin X, Yu C, JinY, Qian X. PTEN inhibitor improves vascular
remodeling and cardiac function after myocardial infarction through PI3k/
Akt/VEGF signaling pathway. Mol Med. 2020;26:111.

Chen G, PhanV, Luo X, Cao DJ. The mechanistic target of rapamycin complex
1 critically regulates the function of mononuclear phagocytes and promotes
cardiac remodeling in acute ischemia. J Mol Cell Cardiol. 2021;159:62-79.
Marchetti C, Toldo S, Chojnacki J, Mezzaroma E, Liu K, Salloum FN, Nordio A,
Carbone S, Mauro AG, Das A, et al. Pharmacologic inhibition of the NLRP3
inflammasome preserves cardiac function after ischemic and nonischemic
injury in the mouse. J Cardiovasc Pharmacol. 2015;66:1-8.
Ramirez-Carracedo R, Tesoro L, Hernandez |, Diez-Mata J, Pineiro D, Her-
nandez-Jimenez M, Zamorano JL, Zaragoza C. Targeting TLR4 with ApTOLL
improves heart function in response to coronary ischemia reperfusion in pigs
undergoing acute myocardial infarction. Biomolecules. 2020; 10.

Yi Z,Ke J,Wang Y, Cai K. Fluvastatin protects myocardial cells in mice with
acute myocardial infarction through inhibiting RhoA/ROCK pathway. Exp
Ther Med. 2020;19:2095-102.

Xiao X, Chang G, Liu J, Sun G, Liu L, Qin S, Zhang D. Simvastatin ameliorates
ventricular remodeling via the TGF-beta1 signaling pathway in rats following
myocardial infarction. Mol Med Rep. 2016;13:5093-101.

Ueda K, Takano H, Niitsuma Y, Hasegawa H, Uchiyama R, Oka T, Miyazaki M,
Nakaya H, Komuro I. Sonic hedgehog is a critical mediator of erythropoietin-
induced cardiac protection in mice. J Clin Invest. 2010;120:2016-29.

Pei H, Song X, Peng C, Tan'Y, Li Y, Li X, Ma S, Wang Q, Huang R, Yang D, et al.
TNF-alpha inhibitor protects against myocardial ischemia/reperfusion injury
via Notch1-mediated suppression of oxidative/nitrative stress. Free Radic Biol
Med. 2015;82:114-21.

Zeng HT, Zhao M, Zhang ZX, Liu ZL, Zhong SM. Atorvastatin improves the
cardiac function of rats after acute myocardial infarction through ERK1/2
pathway. Eur Rev Med Pharmacol Sci. 2019;23:7120-7.

Li J, Shen DL, Tang JN, Wang YZ, Wang B, Xiao Y, Cao C, Shi XJ, Liu HM, Zhao W,
Zhang JY. IL33 attenuates ventricular remodeling after myocardial infarction
through inducing alternatively activated macrophages ethical standards
statement. Eur J Pharmacol. 2019;854:307-19.

Li Q, Xu, Li X, GuoY, Liu G. Inhibition of rho-kinase ameliorates myocardial
remodeling and fibrosis in pressure overload and myocardial infarction: role
of TGF-betal-TAK1. Toxicol Lett. 2012;211:91-7.

Hu JQ, Man WR, Shen M, Zhang MM, Lin J, Wang TT, Duan Y, Li CY, Zhang

RQ, Gao EH, et al. Luteolin alleviates post-infarction cardiac dysfunction

by up-regulating autophagy through Mst1 inhibition. J Cell Mol Med.
2016;20:147-56.

Zhang L, Liu J, Qin X, Liu W. Platelet-acute leukemia interactions. Clin Chim
Acta. 2022;536:29-38.

Botero JP, Lee K, Branchford BR, Bray PF, Freson K, Lambert MP, Luo M, Mohan
S, Ross JE, Bergmeier W, et al. Glanzmann thrombasthenia: genetic basis and
clinical correlates. Haematologica. 2020;105:888-94.

Paul GK, Sen B, Bari MA, Rahman Z, Jamal F, Bari MS, Sazidur SR. Correlation of
platelet count and acute ST-elevation in myocardial infarction. Mymensingh
Med J. 2010;19:469-73.

Ding S, Dong X, Song X. Tumor educated platelet: the novel BioSource for
cancer detection. Cancer Cell Int. 2023;23:91.

Plantureux L, Mege D, Crescence L, Dignat-George F, Dubois C, Panicot-
Dubois L. Impacts of cancer on platelet production, activation and education
and mechanisms of cancer-associated thrombosis. Cancers (Basel). 2018; 10.
Patel D, Thankachan S, Sreeram S, Kavitha KP, Suresh PS. The role of tumor-
educated platelets in ovarian cancer: a comprehensive review and update.
Pathol Res Pract. 2023;241:154267.

D’Ambrosi S, Nilsson RJ, Wurdinger T. Platelets and tumor-associated RNA
transfer. Blood. 2021;137:3181-91.

Wang L, Wang XY, Guo ER, Mao XH, Miao SS. Emerging roles of platelets in
cancer biology and their potential as therapeutic targets. Front Oncol. 2022;
12.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9.

92.

93.

94.

95.

96.

97.

98.

Page 22 of 25

Mendoza-Almanza G, Burciaga-Hernandez L, Maldonado V, Melendez-Zajgla
J,0lmos J. Role of platelets and breast cancer stem cells in metastasis. World J
Stem Cells. 2020;12:1237-54.

Liu ZM, Wang J, Liao FB, Song QB, Yao Y. Tumor-educated platelets facilitate
thrombus formation through migration. Front Oncol. 2022; 12.

Roweth HG, Battinelli EM. Lessons to learn from tumor-educated platelets.
Blood. 2021;137:3174-80.

Zhou M, He X, Mei C, Ou C. Exosome derived from tumor-associated
macrophages: biogenesis, functions, and therapeutic implications in human
cancers. Biomark Res. 2023;11:100.

van Niel G, D'Angelo G, Raposo G. Shedding light on the cell biology of
extracellular vesicles. Nat Rev Mol Cell Biol. 2018;19:213-28.

Welsh JA, Goberdhan DCl, O'Driscoll L, Buzas El, Blenkiron C, Bussolati B, Cai H,
DiVizio D, Driedonks TAP, Erdbrugger U, et al. Minimal information for studies
of extracellular vesicles (MISEV2023): from basic to advanced approaches. J
Extracell Vesicles. 2024:13:212404.

Thery C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsitohaina R,
Antoniou A, Arab T, Archer F, Atkin-Smith GK, 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.

Kalluri R, LeBleu VS. The biology, function, and biomedical applications of
exosomes. Science. 2020; 367.

Biancone L, Bruno S, Deregibus MC, Tetta C, Camussi G. Therapeutic potential
of mesenchymal stem cell-derived microvesicles. Nephrol Dial Transpl.
2012;27:3037-42.

Vaiaki EM, Falasca M. Comparative analysis of the minimal information for
studies of extracellular vesicles guidelines: advancements and implications
for extracellular vesicle research. Semin Cancer Biol. 2024;101:12-24.

Doyle LM, Wang MZ. Overview of extracellular vesicles, their origin, composi-
tion, purpose, and methods for exosome isolation and analysis. Cells. 2019; 8.
Abels ER, Breakefield XO. Introduction to extracellular vesicles: biogenesis,
RNA cargo selection, content, release, and uptake. Cell Mol Neurobiol.
2016;36:301-12.

Coumans FAW, Brisson AR, Buzas El, Dignat-George F, Drees EEE, El-Andaloussi
S, Emanueli C, Gasecka A, Hendrix A, Hill AF, et al. Methodological guidelines
to study extracellular vesicles. Circ Res. 2017;120:1632-48.

CaiS, Luo B, Jiang P, Zhou X, Lan F, Yi Q, Wu Y. Immuno-modified superpara-
magnetic nanoparticles via host-guest interactions for high-purity capture
and mild release of exosomes. Nanoscale. 2018;10:14280-9.

van der Pol E, Coumans FA, Grootemaat AE, Gardiner C, Sargent IL, Harrison P,
Sturk A, van Leeuwen TG, Nieuwland R. Particle size distribution of exosomes
and microvesicles determined by transmission electron microscopy, flow
cytometry, nanoparticle tracking analysis, and resistive pulse sensing. J
Thromb Haemost. 2014;12:1182-92.

Pascucci L, Scattini G. Imaging extracelluar vesicles by transmission electron
microscopy: coping with technical hurdles and morphological interpretation.
Biochim Biophys Acta Gen Subj. 2021;1865:129648.

van der Pol E, van Gemert MJ, Sturk A, Nieuwland R, van Leeuwen TG. Single
vs. swarm detection of microparticles and exosomes by flow cytometry. J
Thromb Haemost. 2012;10:919-30.

Nolan JP. Flow cytometry of extracellular vesicles: potential, pitfalls, and
prospects. Curr Protoc Cytom. 2015;73:131411-6.

Chandler WL, Yeung W, Tait JF. A new microparticle size calibration standard
for use in measuring smaller microparticles using a new flow cytometer. J
Thromb Haemost. 2011;9:1216-24.

Gardiner C, Ferreira YJ, Dragovic RA, Redman CW, Sargent IL. Extracellular
vesicle sizing and enumeration by nanoparticle tracking analysis. J Extracell
Vesicles. 2013; 2.

Longjohn MN, Christian SL. Characterizing extracellular vesicles using
nanoparticle-tracking analysis. Methods Mol Biol. 2022;2508:353-73.

Vogel R, Coumans FA, Maltesen RG, Boing AN, Bonnington KE, Broekman ML,
Broom MF, Buzas El, Christiansen G, Hajji N, et al. A standardized method to
determine the concentration of extracellular vesicles using tunable resistive
pulse sensing. J Extracell Vesicles. 2016;5:31242.

Cavallaro S, Pevere F, Stridfeldt F, Gorgens A, Paba C, Sahu SS, Mamand DR,
Gupta D, El Andaloussi S, Linnros J, Dev A. Multiparametric profiling of single
nanoscale extracellular vesicles by combined atomic force and fluorescence
microscopy: correlation and heterogeneity in their molecular and biophysical
features. Small. 2021; 17.



Zhuang et al. Biomarker Research

(2024) 12:88

Pocsfalvi G, Stanly C, Vilasi A, Fiume |, Capasso G, Turiak L, Buzas El, Vekey
K. Mass spectrometry of extracellular vesicles. Mass Spectrom Rev.
2016;35:3-21.

. Tiwari S, Kumar V, Randhawa S, Verma SK. Preparation and characterization of
extracellular vesicles. Am J Reprod Immunol. 2021,85:e13367.

. Wei F, Patel P, Liao W, Chaudhry K, Zhang L, Arellano-Garcia M, Hu S, Elashoff
D, Zhou H, Shukla S, et al. Electrochemical sensor for multiplex biomarkers
detection. Clin Cancer Res. 2009;15:4446-52.

. Shao H, Chung J, Balaj L, Charest A, Bigner DD, Carter BS, Hochberg
FH, Breakefield XO, Weissleder R, Lee H. Protein typing of circulating
microvesicles allows real-time monitoring of glioblastoma therapy. Nat Med.
2012;18:1835-40.

. Yao C,Wang C. Platelet-derived extracellular vesicles for drug delivery. Bioma-
ter Sci. 2023;11:5758-68.

. Heijnen HF, Schiel AE, Fijnheer R, Geuze HJ, Sixma JJ. Activated platelets
release two types of membrane vesicles: microvesicles by surface shedding
and exosomes derived from exocytosis of multivesicular bodies and alpha-
granules. Blood. 1999,94:3791-9.

. Reininger AJ, Heijnen HF, Schumann H, Specht HM, Schramm W, Ruggeri ZM.
Mechanism of platelet adhesion to Von Willebrand factor and microparticle
formation under high shear stress. Blood. 2006;107:3537-45.

. PanY,Wang Y, Wang Y, Xu S, Jiang F, Han Y, Hu M, Liu Z. Platelet-derived
microvesicles (PMVs) in cancer progression and clinical applications. Clin
Transl Oncol. 2023;25:873-81.

. Guo J, Cui B, Zheng J,Yu C, Zheng X, Yi L, Zhang S, Wang K. Platelet-derived
microparticles and their cargos: the past, present and future. Asian J Pharm
Sci. 2024;19:100907.

. LiuT, Zhang Q, Zhang J, Li C, Miao YR, Lei Q, Li Q, Guo AY. EVmiRNA: a
database of miRNA profiling in extracellular vesicles. Nucleic Acids Res.
2019;47:D89-93.

. Lai H, LiY, Zhang H, Hu J, Liao J, Su Y, Li Q, Chen B, Li C, Wang Z, et al. exoR-
Base 2.0: an atlas of mRNA, IncRNA and circRNA in extracellular vesicles from
human biofluids. Nucleic Acids Res. 2022,50:D118-28.

. Keerthikumar S, Chisanga D, Ariyaratne D, Al Saffar H, Anand S, Zhao K,
Samuel M, Pathan M, Jois M, Chilamkurti N, et al. ExoCarta: a web-based
compendium of exosomal cargo. J Mol Biol. 2016;428:688-92.

. Kim DK, Lee J, Kim SR, Choi DS, Yoon YJ, Kim JH, Go G, Nhung D, Hong K, Jang
SC, et al. EVpedia: a community web portal for extracellular vesicles research.
Bioinformatics. 2015;31:933-9.

. Madeira F, Pearce M, Tivey ARN, Basutkar P, Lee J, Edbali O, Madhusoodanan
N, Kolesnikov A, Lopez R. Search and sequence analysis tools services from
EMBL-EBI in 2022. Nucleic Acids Res. 2022;50:W276-9.

. Chitti SV, Gummadi S, Kang T, Shahi S, Marzan AL, Nedeva C, Sanwlani R,
Bramich K, Stewart S, Petrovska M, et al. Vesiclepedia 2024: an extracel-
lular vesicles and extracellular particles repository. Nucleic Acids Res.
2024;52:D1694-8.

. Gonzales PA, Pisitkun T, Hoffert JD, Tchapyjnikov D, Star RA, Kleta R, Wang NS,
Knepper MA. Large-scale proteomics and phosphoproteomics of urinary
exosomes. J Am Soc Nephrol. 2009;20:363-79.

. Russo F, Di Bella S, Vannini F, Berti G, Scoyni F, Cook HV, Santos A, Nigita G,
BonniciV, Lagana A, et al. miRandola 2017: a curated knowledge base of non-
invasive biomarkers. Nucleic Acids Res. 2018:46:D354-9.

. Murillo OD, Thistlethwaite W, Rozowsky J, Subramanian SL, Lucero R, Shah
N, Jackson AR, Srinivasan S, Chung A, Laurent CD, et al. exRNA atlas analysis
reveals distinct extracellular RNA cargo types and their carriers present across
human biofluids. Cell. 2019;177:463-.

. Consortium E-T, Van Deun J, Mestdagh P, Agostinis P, Akay O, Anand S,
Anckaert J, Martinez ZA, Baetens T, Beghein E, et al. EV-TRACK: transparent
reporting and centralizing knowledge in extracellular vesicle research. Nat
Methods. 2017;14:228-32.

. Liu CJ, Xie GY, Miao YR, Xia M, Wang Y, Lei Q, Zhang Q, Guo AY. EVAtlas: a com-
prehensive database for ncRNA expression in human extracellular vesicles.
Nucleic Acids Res. 2022,50:D111-7.

. Wang X, Chai Z, Pan G, Hao Y, Li B, Ye T, LiY, Long F, Xia L, Liu M. ExoBCD: a
comprehensive database for exosomal biomarker discovery in breast cancer.
Brief Bioinform. 2021;22.

. Tsering T, Li M, Chen Y, Nadeau A, Laskaris A, Abdouh M, Bustamante P,
Burnier JV. EV-ADD, a database for EV-associated DNA in human liquid biopsy
samples. J Extracell Vesicles. 2022;11:e12270.

. Hildebrandt A, Kirchner B, Nolte-'t Hoen ENM, Pfaffl MW. miREV: an online
database and tool to uncover potential reference RNAs and biomarkers in

125.

126.

127.

128.

129.

130.

13

134.

135.

138.

139.

140.

14

142.

Page 23 of 25

small-RNA sequencing data sets from extracellular vesicles enriched samples.
J Mol Biol. 2021;433:167070.

. Xul, Zhang L, Wang T, Wu Y, Pu X, Li M, Guo Y. ExoceRNA atlas: a database of

cancer ceRNAs in human blood exosomes. Life Sci. 2020;257:118092.

. LiJR, Tong CY, Sung TJ, Kang TY, Zhou XJ, Liu CC. CMEP: a database for circu-

lating microRNA expression profiling. Bioinformatics. 2019;35:3127-32.

. Xiong CX, Zhou YR, Han Y, Yi JK, Pang H, Zheng RM, Zhou Y. IntiCom-DB: a

manually curated database of inter-tissue communication molecules and
their communication routes. Biology-Basel. 2023;12.

Wang R, Ren C, Gao T, Li H, Bo X, Zhu D, Zhang D, Chen H, Zhang Y. SEPDB: a
database of secreted proteins. Database (Oxford). 2024;2024.

Lawarde A, Rahmani ES, Nath A, Lavogina D, Jaal J, Salumets A, Modhukur V.
ExplORRNet: an interactive web tool to explore stage-wise miRNA expression
profiles and their interactions with mRNA and IncRNA in human breast and
gynecological cancers. Non-Coding Rna Res. 2024;9:125-40.

LiF, XuT,Chen P Sun R, LiC, Zhao X, Ou J, Li J, LiuT, Zeng M, et al. Platelet-
derived extracellular vesicles inhibit ferroptosis and promote distant
metastasis of nasopharyngeal carcinoma by upregulating ITGB3. Int J Biol Sci.
2022;18:5858-72.

Contursi A, Fullone R, Szklanna-Koszalinska P, Marcone S, Lanuti P Taus F,
Meneguzzi A, Turri G, Dovizio M, Bruno A et al. Tumor-educated platelet
extracellular vesicles: proteomic profiling and crosstalk with colorectal cancer
cells. Cancers (Basel). 2023;15.

Contursi A, Schiavone S, Dovizio M, Hinz C, Fullone R, Tacconelli S, Tyrrell VJ,
Grande R, Lanuti P, Marchisio M, et al. Platelets induce free and phospholipid-
esterified 12-hydroxyeicosatetraenoic acid generation in colon cancer cells
by delivering 12-lipoxygenase. J Lipid Res. 2021,62:100109.

Slack FJ, Chinnaiyan AM. The role of non-coding RNAs in oncology. Cell.
2019;179:1033-55.

. YuX, BuC, Yang X, Jiang W, He X, Sun R, Guo H, Shang L, Ou C. Exo-

somal non-coding RNAs in colorectal cancer metastasis. Clin Chim Acta.
2024;556:117849.

. Liang H,Yan X, Pan Y, Wang Y, Wang N, Li L, Liu Y, Chen X, Zhang CY, Gu H, Zen

K. MicroRNA-223 delivered by platelet-derived microvesicles promotes lung
cancer cell invasion via targeting tumor suppressor EPB41L3. Mol Cancer.
2015;14:58.

. Anene C, Graham AM, Boyne J, Roberts W. Platelet microparticle delivered

microRNA-Let-7a promotes the angiogenic switch. Biochim Biophys Acta Mol
Basis Dis. 2018;1864:2633-43.

Michael JV, Wurtzel JGT, Mao GF, Rao AK, Kolpakov MA, Sabri A, Hoffman

NE, Rajan S, Tomar D, Madesh M, et al. Platelet microparticles infiltrat-

ing solid tumors transfer miRNAs that suppress tumor growth. Blood.
2017;130:567-80.

Preusser C, Hung LH, Schneider T, Schreiner S, Hardt M, Moebus A, Santoso

S, Bindereif A. Selective release of circRNAs in platelet-derived extracellular
vesicles. J Extracell Vesicles. 2018;7:1424473.

. Boudreau LH, Duchez AC, Cloutier N, Soulet D, Martin N, Bollinger J, Pare

A, Rousseau M, Naika GS, Levesque T, et al. Platelets release mitochondria
serving as substrate for bactericidal group llA-secreted phospholipase A2 to
promote inflammation. Blood. 2014;124:2173-83.

. Gharib E, Veilleux V, Boudreau LH, Pichaud N, Robichaud GA. Platelet-derived

microparticles provoke chronic lymphocytic leukemia malignancy through
metabolic reprogramming. Front Immunol. 2023;14.

Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.
2011;144:646-74.

Janowska-Wieczorek A, Wysoczynski M, Kijowski J, Marquez-Curtis L,
Machalinski B, Ratajczak J, Ratajczak MZ. Microvesicles derived from activated
platelets induce metastasis and angiogenesis in lung cancer. Int J Cancer.
2005;113:752-60.

Vismara M, Zara M, Negri S, Canino J, Canobbio |, Barbieri SS, Moccia F, Torti M,
Guidetti GF. Platelet-derived extracellular vesicles regulate cell cycle progres-
sion and cell migration in breast cancer cells. Biochim Biophys Acta Mol Cell
Res. 2021;1868:118886.

. Galluzzi L, Bravo-San Pedro JM, Vitale |, Aaronson SA, Abrams JM, Adam D,

Alnemri ES, Altucci L, Andrews D, Annicchiarico-Petruzzelli M, et al. Essential
versus accessory aspects of cell death: recommendations of the NCCD 2015.
Cell Death Differ. 2015;22:58-73.

Galluzzi L, Vitale I, Aaronson SA, Abrams JM, Adam D, Agostinis P, Alnemri ES,
Altucci L, Amelio |, Andrews DW, et al. Molecular mechanisms of cell death:
recommendations of the nomenclature committee on cell death 2018. Cell
Death Differ. 2018;25:486-541.



Zhuang et al. Biomarker Research

143.

144.
145.

146.

147.

148.

149.

150.

151

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

(2024) 12:88

Cacic D, Reikvam H, Nordgérd O, Meyer P, Hervig T. Platelet microparticles
protect acute myelogenous leukemia cells against daunorubicin-induced
apoptosis. Cancers. 2021;13.

Talmadge JE, Fidler IJ. AACR centennial series: the biology of cancer metasta-
sis: historical perspective. Cancer Res. 2010;70:5649-69.

Fidler 1. The pathogenesis of cancer metastasis: the ‘seed and soil’ hypothesis
revisited. Nat Rev Cancer. 2003;3:453-8.

Kassassir H, Papiewska-Pajak I, Kryczka J, Boncela J, Kowalska MA. Platelet-
derived microparticles stimulate the invasiveness of colorectal cancer cells
via the p38MAPK-MMP-2/MMP-9 axis. Cell Commun Signal. 2023;21:51.
Vismara M, Negri S, Scolari F, Brunetti V, Trivigno SMG, Faris P, Galgano L, Soda
T, Berra-Romani R, Canobbio | et al. Platelet-derived extracellular vesicles
stimulate migration through partial remodelling of the ca(2+) handling
machinery in MDA-MB-231 breast cancer cells. Cells. 2022;11.

Yao B, Qu S, Hu R, Gao W, Jin S, Ju J, Zhao Q. Delivery of platelet TPM3 mRNA
into breast cancer cells via microvesicles enhances metastasis. FEBS Open
Bio. 2019;9:2159-69.

Faubert B, Solmonson A, DeBerardinis RJ. Metabolic reprogramming and
cancer progression. Science. 2020;368.

Cereceda L, Cardenas JC, Khoury M, Silva-Pavez E, Hidalgo Y. Impact of plate-
let-derived mitochondria transfer in the metabolic profiling and progression
of metastatic MDA-MB-231 human triple-negative breast cancer cells. Front
Cell Dev Biol. 2023;11:1324158.

Anderson NM, Simon MC. The tumor microenvironment. Curr Biol.
2020;30:R921-5.

Zhou M, Feng Y, Zhang X, Chen J,Yao N, Fu S, NiT, Chen Y, Xie F, Roy S, et

al. Platelet-derived microparticles adoptively transfer integrin beta3 to
promote antitumor effect of tumor-infiltrating T cells. Oncoimmunology.
2024;13:2304963.

Salanova B, Choi M, Rolle S, Wellner M, Luft FC, Kettritz R. Beta2-integrins and
acquired glycoprotein I1b/Illa (GPIIb/Illa) receptors cooperate in NF-kappaB
activation of human neutrophils. J Biol Chem. 2007,282:27960-9.

Kuravi SJ, Harrison P, Rainger GE, Nash GB. Ability of platelet-derived extracel-
lular vesicles to promote neutrophil-endothelial cell interactions. Inflamma-
tion. 2019;42:290-305.

Sprague DL, Elzey BD, Crist SA, Waldschmidt TJ, Jensen RJ, Ratliff TL. Platelet-
mediated modulation of adaptive immunity: unique delivery of CD154 signal
by platelet-derived membrane vesicles. Blood. 2008;111:5028-36.

Ren JG, Man QW, Zhang W, Li C, Xiong XP, Zhu JY, Wang WM, Sun ZJ, Jia J,
Zhang WF, et al. Elevated level of circulating platelet-derived microparticles in
oral cancer. J Dent Res. 2016;95:87-93.

Zhou H, Zhu LY, Song J, Wang GH, Li PZ, LiWZ, Luo P, Sun XL, Wu J, Liu YZ

et al. Liquid biopsy at the frontier of detection, prognosis and progression
monitoring in colorectal cancer. Mol Cancer. 2022;21.

Han'Y,Wang D, Peng L, Huang T, He X, Wang J, Ou C. Single-cell sequencing:
a promising approach for uncovering the mechanisms of tumor metastasis. J
Hematol Oncol. 2022;15:59.

Haghbin M, Hashemi Tayer A, Kamravan M, Sotoodeh Jahromi A. Platelet-
derived procoagulant microparticles as blood-based biomarker of breast
cancer. Asian Pac J Cancer Prev. 2021;22:1573-9.

LiuT,Wang J, Liu Y, Wu J, Yuan Y, Wang C, Fang X, Li H. Prediction of the thera-
peutic effects of pembrolizumab and nivolumab in advanced non-small cell
lung cancer by platelet-derived microparticles in circulating blood. Technol
Cancer Res Treat. 2021;20:1533033821997817.

LiuT, Wang J, Li T, Cui P, Hou B, Zhuang C, Wei G, Zhang S, Li H, Hu Y. Predict-
ing disease progression in advanced non-small cell lung cancer with circulat-
ing neutrophil-derived and platelet-derived microparticles. BMC Cancer.
2021;21:939.

Niki M, Yokoi T, Kurata T, Nomura S. New prognostic biomarkers and thera-
peutic effect of bevacizumab for patients with non-small-cell lung cancer.
Lung Cancer (Auckl). 2017,8:91-9.

Wang CC, Tseng CC, Chang HC, Huang KT, Fang WF, Chen YM, Yang CT,

Hsiao CC, Lin MC, Ho CK, Yip HK. Circulating microparticles are prognostic
biomarkers in advanced non-small cell lung cancer patients. Oncotarget.
2017;8:75952-67.

Helley D, Banu E, Bouziane A, Banu A, Scotte F, Fischer AM, Oudard S. Platelet
microparticles: a potential predictive factor of survival in hormone-refractory
prostate cancer patients treated with docetaxel-based chemotherapy. Eur
Urol. 2009;56:479-84.

Odaka H, Hiemori K, Shimoda A, Akiyoshi K, Tateno H. CD63-positive extra-
cellular vesicles are potential diagnostic biomarkers of pancreatic ductal
adenocarcinoma. BMC Gastroenterol. 2022;22:153.

166.

167.

168.

169.

170.

172.

173.

176.

177.

180.

®

182.

186.

Page 24 of 25

Jiang Y, Yang M, Wang S, Li X, Sun'Y. Emerging role of deep learning-

based artificial intelligence in tumor pathology. Cancer Commun (Lond).
2020;40:154-66.

Best MG, Sol N, In‘t Veld S, Vancura A, Muller M, Niemeijer AN, Fejes AV, Tjon
Kon Fat LA, Huis In‘t Veld AE, Leurs C, et al. Swarm intelligence-enhanced
detection of non-small-cell lung cancer using tumor-educated platelets. Can-
cer Cell. 2017,32:238-52. €239.

Xie N, Fan X, Xie H, Lu J, Yu L, Liu H, Wang H, Yin X, Li B. Preoperative extra-
pancreatic extension prediction in patients with pancreatic cancer using
multiparameter MRI and machine learning-based radiomics model. Acad
Radiol. 2023;30:1306-16.

Ollila H, Paajanen J, Wolff H, llonen |, Sutinen E, Valimaki K, Ostman A, Anttila
S, Kettunen E, Résanen J, et al. High tumor cell platelet-derived growth factor
receptor beta expression is associated with shorter survival in malignant
pleural epithelioid mesothelioma. J Pathol Clin Res. 2021;7:482-94.
Yamanaka Y, Sawai Y, Nomura S. Platelet-derived microparticles are an impor-
tant biomarker in patients with cancer-associated thrombosis. Int J Gen Med.
2019;12:491-7.

. lkeda M, Iwamoto S, Imamura H, Furukawa H, Kawasaki T. Increased platelet

aggregation and production of platelet-derived microparticles after surgery
for upper gastrointestinal malignancy. J Surg Res. 2003;115:174-83.

Yeung J, Li W, Holinstat M. Platelet signaling and disease: targeted therapy for
thrombosis and other related diseases. Pharmacol Rev. 2018;70:526-48.

Guo J, Wang M-F, Zhu Y, Watari F, Xu Y-H, Chen X. Exploitation of platelets for
antitumor drug delivery and modulation of the tumor immune microenvi-
ronment. Acta Materia Med. 2023;2.

. Torchilin VP. Passive and active drug targeting: drug delivery to tumors as an

example. Handb Exp Pharmacol. 2010:3-53.

. Pawlowski CL, Li W, Sun M, Ravichandran K, Hickman D, Kos C, Kaur G, Sen

Gupta A. Platelet microparticle-inspired clot-responsive nanomedicine for
targeted fibrinolysis. Biomaterials. 2017;128:94-108.

Hyslop SR, Josefsson EC. Undercover agents: targeting tumours with modi-
fied platelets. Trends Cancer. 2017;3:235-46.

Zhang X, Wang J, Chen Z, Hu Q, Wang C, Yan J, Dotti G, Huang P, Gu Z.
Engineering PD-1-presenting platelets for cancer immunotherapy. Nano Lett.
2018;18:5716-25.

. Ning SP, Zhang X, Suo M, Lyu M, Pan Y, Jiang Y, Yang HW, Lam JWY, Zhang

TF, Pan LH, Tang BZ. Platelet-derived exosomes hybrid liposomes facilitate
uninterrupted singlet oxygen generation to enhance breast cancer immuno-
therapy. Cell Rep Phys Sci. 2023;4.

. ShangY,Wang Q, Li J, Zhao Q, Huang X, Dong H, Liu H, Gui R, Nie X. Platelet-

membrane-camouflaged zirconia nanoparticles inhibit the invasion and
metastasis of hela cells. Front Chem. 2020,8:377.

Zhuang J, Gong H, Zhou J, Zhang Q Gao W, Fang RH, Zhang L. Targeted gene
silencing in vivo by platelet membrane-coated metal-organic framework
nanoparticles. Sci Adv. 2020;6:eaaz6108.

. Li SP, Lu ZF, Wu SY, Chu TJ, Li BZ, Qi FL, Zhao YL, Nie GJ. The dynamic role of

platelets in cancer progression and their therapeutic implications. Nat Rev
Cancer. 2024,24:72-87.

MaY, ZhangY,Han R, LiY, ZhaiY, Qian Z, Gu Y, Li S. A cascade synergetic strat-
egy induced by photothermal effect based on platelet exosome nanopar-
ticles for tumor therapy. Biomaterials. 2022,282:121384.

. Wu L, Xie W, Zan HM, Liu Z, Wang G, Wang Y, Liu W, Dong W. Platelet mem-

brane-coated nanoparticles for targeted drug delivery and local chemo-
photothermal therapy of orthotopic hepatocellular carcinoma. J Mater Chem
B.2020;8:4648-59.

. Jing L, QuH,Wu D, Zhu C,Yang Y, Jin X, Zheng J, Shi X, Yan X, Wang Y. Platelet-

camouflaged nanococktail: simultaneous inhibition of drug-resistant tumor
growth and metastasis via a cancer cells and tumor vasculature dual-target-
ing strategy. Theranostics. 2018;8:2683-95.

. ChenY, Zhao G,Wang S,He Y, Han S, Du C, Li S, Fan Z, Wang C, Wang J.

Platelet-membrane-camouflaged bismuth sulfide nanorods for synergistic
radio-photothermal therapy against cancer. Biomater Sci. 2019;7:3450-9.

Ye H,Wang K, Wang M, Liu R, Song H, Li N, Lu Q, Zhang W, Du Y, Yang W, et al.
Bioinspired nanoplatelets for chemo-photothermal therapy of breast cancer
metastasis inhibition. Biomaterials. 2019;206:1-12.

. Hu Q LiH, Archibong E, Chen Q, Ruan H, Ahn S, Dukhovlinova E, Kang Y, Wen

D, Dotti G, Gu Z. Inhibition of post-surgery tumour recurrence via a hydrogel
releasing CAR-T cells and anti-PDL1-conjugated platelets. Nat Biomed Eng.
2021;5:1038-47.

. Hu Q, Sun W, Wang J, Ruan H, Zhang X, Ye Y, Shen S, Wang C, Lu W, Cheng K,

et al. Conjugation of haematopoietic stem cells and platelets decorated with



Zhuang et al. Biomarker Research

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

(2024) 12:88

anti-PD-1 antibodies augments anti-leukaemia efficacy. Nat Biomed Eng.
2018;2:831-40.

<Engineered human platelet-derived microparticles as natural vectors for
targeted drug delivery.pdf>.

Wu YW, Huang CC, Changou CA, Lu LS, Goubran H, Burnouf T. Clinical-grade
cryopreserved doxorubicin-loaded platelets: role of cancer cells and platelet
extracellular vesicles activation loop. J Biomed Sci. 2020;27:45.

Liu G, Zhao X, Zhang Y, Xu J, Xu J, LiY, Min H, Shi J, Zhao Y, Wei J, et al.
Engineering biomimetic platesomes for pH-responsive drug delivery and
enhanced antitumor activity. Adv Mater. 2019;31:21900795.

Wang H, Wu J, Williams GR, Fan Q, Niu S, Wu J, Xie X, Zhu LM. Platelet-
membrane-biomimetic nanoparticles for targeted antitumor drug delivery. J
Nanobiotechnol. 2019;17:60.

Wang H, Bremner DH, Wu K, Gong X, Fan Q, Xie X, Zhang H, Wu J, Zhu L-M.
Platelet membrane biomimetic bufalin-loaded hollow MnO2 nanoparticles
for MRI-guided chemo-chemodynamic combined therapy of cancer. Chem
Eng J. 2020;382.

Mei D, Gong L, Zou Y, Yang D, Liu H, Liang Y, Sun N, Zhao L, Zhang Q, Lin Z.
Platelet membrane-cloaked paclitaxel-nanocrystals augment postoperative
chemotherapeutical efficacy. J Control Release. 2020;324:341-53.

Bang KH, Na YG, Huh HW, Hwang SJ, Kim MS, Kim M, Lee HK, Cho CW.The
delivery strategy of paclitaxel nanostructured lipid carrier coated with plate-
let membrane. Cancers (Basel). 2019;11.

Zuo H, Tao J, Shi H, He J, Zhou Z, Zhang C. Platelet-mimicking nanoparticles
co-loaded with W(18)0(49) and metformin alleviate tumor hypoxia for
enhanced photodynamic therapy and photothermal therapy. Acta Biomater.
2018;80:296-307.

Kim MW, Lee G, Niildome T, Komohara Y, Lee R, Park YI. Platelet-like gold
nanostars for cancer therapy: the ability to treat cancer and evade immune
reactions. Front Bioeng Biotechnol. 2020;8:133.

Johnson J,Wu YW, Blyth C, Lichtfuss G, Goubran H, Burnouf T. Prospective
therapeutic applications of platelet extracellular vesicles. Trends Biotechnol.
2021,39:598-612.

200.

201.

202.

203.

204.

205.

206.

207.

Page 25 of 25

. Strowitzki MJ, Dold S, von Heesen M, Korbel C, Scheuer C, Moussavian MR,

Schilling MK, Kollmar O, Menger MD. The phosphodiesterase 3 inhibitor
cilostazol does not stimulate growth of colorectal liver metastases after major
hepatectomy. Clin Exp Metastasis. 2014;31:795-803.

Goetzl EJ, Goetzl L, Karliner JS, Tang N, Pulliam L. Human plasma platelet-
derived exosomes: effects of aspirin. FASEB J. 2016;30:2058-63.

Nguyen JT, Koerper MA, Hess CP, Dowd CF, Hoffman WY, Dickman M,
Frieden 1. Aspirin therapy in venous malformation: a retrospective cohort
study of benefits, side effects, and patient experiences. Pediatr Dermatol.
2014;31:556-60.

Tao SC, Guo SC, Zhang CQ. Platelet-derived extracellular vesicles: an emerg-
ing therapeutic approach. Int J Biol Sci. 2017;13:828-34.

Lazar S, Goldfinger LE. Platelets and extracellular vesicles and their cross talk
with cancer. Blood. 2021;137:3192-200.

Baig AA, Haining EJ, Geuss E, Beck S, Swieringa F, Wanitchakool P, Schuhmann
MK, Stegner D, Kunzelmann K, Kleinschnitz C, et al. TMEM16F-mediated
platelet membrane phospholipid scrambling is critical for hemostasis and
thrombosis but not thromboinflammation in mice-brief report. Arterioscler
Thromb Vasc Biol. 2016;36:2152-7.

Fujii T, Sakata A, Nishimura S, Eto K, Nagata S. TMEM16F is required for
phosphatidylserine exposure and microparticle release in activated mouse
platelets. Proc Natl Acad Sci U S A. 2015;112:12800-5.

Dovizio M, Bruno A, Contursi A, Grande R, Patrignani P. Platelets and extracel-
lular vesicles in cancer: diagnostic and therapeutic implications. Cancer
Metastasis Rev. 2018;37:455-67.

Erkan EP, Saydam N, Chen CC, Saydam O. Extracellular vesicles as carri-

ers of suicide mRNA and/or protein in cancer therapy. Methods Mol Biol.
2019;1895:87-96.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Current status and future perspectives of platelet-derived extracellular vesicles in cancer diagnosis and treatment
	﻿Abstract
	﻿Introduction
	﻿Platelets
	﻿Discovery and identification of platelets
	﻿Platelets and human diseases

	﻿Extracellular vesicles (EVs)
	﻿Biological characterisation of EVs
	﻿Functions of EVs
	﻿Methods for the isolation and characterisation of EVs

	﻿The underlying molecular mechanism of platelet-derived extracellular vesicles (PEVs) in tumourigenesis
	﻿PEVs encapsulate proteins
	﻿PEVs encapsulate non coding RNA (ncRNA)
	﻿PEVs encapsulate other molecules

	﻿PEVs in cancer progression
	﻿Role of PEVs in the malignant proliferation of tumours
	﻿Role of PEVs in tumour cell death resistance
	﻿Role of PEVs in tumour invasion and metastasis
	﻿Role of PEVs in the metabolic reprogramming of tumour cells
	﻿Role of PEVs in tumour immunity
	﻿Role of PEVs in tumour angiogenesis

	﻿PEVs can be used as novel tumours biomarkers
	﻿PEVs can be used as novel biomarkers for the early diagnosis of tumours
	﻿PEVs can be used as novel biomarkers for monitoring tumour progression
	﻿PEVs can be used as novel biomarkers for prognostic assessments of tumours

	﻿PEVs are potential therapeutic targets of cancer
	﻿PEVs and PEVs-associated nanoparticles as carriers for drug delivery
	﻿Potential application of PEVs and PEVs-associated nanoparticles in anti-tumour therapy
	﻿Application of engineered PEVs in conjunction with PTT in anti-tumour therapy
	﻿Application of engineered PEVs in conjunction with immunotherapy in anti-tumour therapy
	﻿Application of engineered PEVs in conjunction with chemotherapeutic drugs in anti-tumour therapy
	﻿Application of engineered PEVs in conjunction with other pharmaceutical agents in anti-tumour therapy


	﻿Conclusion and future perspectives
	﻿References


