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Abstract

The traditional role of platelets is in the formation of blood clots for physiologic
(e.g., in hemostasis) or pathologic (e.g., in thrombosis) functions. The cellular and
subcellular mechanisms and signaling in platelets involved in these functions have
been extensively elucidated and new knowledge continues to emerge, resulting in
various therapeutic developments in this area for the management of hemorrhagic
or thrombotic events. Nanomedicine, a field involving design of nanoparticles with
unique biointeractive surface modifications and payload encapsulation for disease-
targeted drug delivery, has become an important component of such therapeutic
development. Beyond their traditional role in blood clotting, platelets have been im-
plicated to play crucial mechanistic roles in other diseases including inflammation,
immune response, and cancer, via direct cellular interactions, as well as secretion of
soluble factors that aid in the disease microenvironment. To date, the development
of nanomedicine systems that leverage these broader roles of platelets has been
limited. Additionally, another exciting area of research that has emerged in recent
years is that of platelet-derived extracellular vesicles (PEVs) that can directly and
indirectly influence physiological and pathological processes. This makes PEVs a
unique paradigm for platelet-inspired therapeutic design. This review aims to pro-
vide mechanistic insight into the involvement of platelets and PEVs beyond hemo-
stasis and thrombosis, and to discuss the current state of the art in the development
of platelet-inspired therapeutic technologies in these areas, with an emphasis on

future opportunities.
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1 | INTRODUCTION

Platelets are blood cells derived from megakaryocytes, and are
primarily responsible for facilitating physiological (hemostasis) and
pathological (thrombosis) blood clots via specific mechanisms of
adhesion, aggregation, procoagulant function, clot retraction, and
granule secretion.'® Significant research have been focused on
elucidating these mechanisms, and developing therapeutics to mod-
ulate them for the treatment of hemorrhage by making clots (he-
mostatic therapy) and thrombosis by preventing or breaking clots
(antithrombotic therapy).””? Nanomedicine, a field involving the de-
sign of nanoparticles with unique biointeractive surface modifica-
tions and payload encapsulation for disease-targeted drug delivery,
has become an important component of such therapeutic devel-
opment‘lo’12 Beyond their traditional role in forming good and bad
clots, platelets have been implicated in several other pathologies,
including innate and adaptive immune response against pathogens,
inflammation, and cancer, via direct cellular interactions, as well as
via secretion of soluble factors that aid in the disease microenvi-
ronment.’*?! To date, the development of nanomedicine systems
that leverage these broader roles of platelets have been limited,
but this presents tremendous opportunities for therapeutic innova-
tion. Another exciting and emerging area of scientific investigation
is that of platelet-derived extracellular vesicles (PEVs) that can di-
rectly and indirectly influence various physiological and pathological
processes, including recent findings in COVID-19 patients.??"?* This
makes PEVs a unique paradigm for platelet-inspired therapeutic de-
sign. In this review, we aim to provide mechanistic insight into the
involvement of platelets in physiological and pathological processes
beyond hemostasis and thrombosis and discuss how our current
understanding of these mechanisms can be leveraged to develop
platelet-inspired therapeutic technologies. We also discuss antici-

pated challenges and future opportunities in this area.

2 | PLATELETS IN IMMUNE RESPONSES
AND INFLAMMATION

Beyond their well-recognized role in hemostasis thrombosis and
thromboinflammation, platelets have emerged as critical play-
ers in innate and adaptive immune responses against pathogens
(Figure 1).252 Initial defense against pathogens in the circulation is
established by two major lines of defense.?” On a cellular level, dif-
ferent microbes are recognized by pathogen-associated molecular
pattern receptors known as the toll-like receptors (TLRs), whereas
outside the cell the complement system amplifies the defense
against such pathogens. These two systems work in concert to me-
diate the initial response against a pathogen that crosses over into
the circulation. Platelets contain the transcripts of all known TLRs
in humans and, interestingly, they are upregulated in women.?®
Functionally, TLRs can be classified as surface receptors (TLR2,
TLR4, and TLR5), recognizing surface protein components of patho-
gens (e.g., bacteria, viruses), or endosomal TLRs (TLR3, TLR7, TLRS,

and TLR9) specifically recognizing nucleic acids of these pathogens.
TLR2 and TLR4 are functional receptors in platelets and follow al-
most similar activation signaling cascades as in nucleated cells, 27733
However, contrary to nucleated cells, in which cytokines are synthe-
sized and released, activation of these receptors in platelets leads
to the release of prepackaged proteins from platelet granules (e.g.,
P-selectin, CD40L, von Willebrand factor [VWF]) or the activation
of surface integrins. These processes lead to increased platelet ag-
gregation, increased binding of platelets to fibrinogen, and, in the
case of TLR2 activation, formation of platelet-leukocyte aggregates
relevant to thromboinflammatory pathologies. Activation of platelet
TLR4 also leads to neutrophil activation, ultimately contributing to
accelerated release of neutrophil DNA (neutrophil extracellular trap
formation or NETosis), that promotes prothrombotic pathology.3*~3¢
Platelet TLR2 can also contribute to NETosis, although not to the
same extent as platelet-TLR4. Both of these receptors use the PI3K/
AKT signaling cascade for intracellular messaging and stimulation of
granule release. The direct interaction with immune cells, in addition
to the moderate aggregation, mediated by platelet TLR2 and TLR4
suggests that these receptors balance immunity and thrombosis, and
this balance can be critical during platelet interaction with bacterial
pathogens in the circulation. Platelets also express functional endo-
somal TLRs (TLR3, TLR7, and TLR9) and their activation in platelets
serves as an important first stage of pathogen detection to alert the
innate immune cell response.37'41 Outside of the cell, the innate im-
mune response to pathogens is mediated by the complement cas-
cade, where a sophisticated concert of mechanisms involving more
than 30 proteins ultimately leads to the lysis of bacteria or infected
cells. The complement cascade is activated by three different path-
ways, the classical, alternative, or lectin pathway, with each converg-
ing at complement 3 (C3). Interestingly, platelets contain a few of
the complement cascade factors including C3, C4, and C1 inhibitor
stored in their alpha granules.42 Activation of platelet endosomal
TLR7 can lead to the release of C3 from platelet granules and, once
in the circulation, this C3 can mediate NETosis. Additional factors
from platelets also regulate NETosis after TLR7 stimulation, sug-
gesting that intravascular NETosis is not only initiated but also con-
trolled by platelets. Platelet CD40L (CD154) has also been reported
to modulate adaptive immunity via inducing dendritic cell matura-
tion, isotype switching in B cells and augmenting T-cell responses.43
Therefore, platelet-mediated mechanisms are important therapeutic
targets in modulating innate and adaptive immune responses.
Platelets also play a significant role in the inflammatory re-
sponses across several pathological conditions. For example,
atherosclerosis is a vascular inflammatory disease in which the in-
volvement of platelets in mediating leukocyte recruitment and sig-
naling in the early stages of the pathology has now been recognized
as a critical mechanistic event, beyond the obvious involvement of
platelets in plaque rupture and thrombosis.****° P-selectin, mobi-
lized to the surface of activated platelets, is a major participant in
the recruitment of inflammatory cells via interaction with P-selectin
glycoprotein ligand-1 (PSGL-1) on leukocytes.’® Platelets also in-
teract with the inflamed endothelium via platelet GPlba binding to
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FIGURE 1 Platelet involvement in immune response: Platelets contain surface-expressed as well as endosomal toll-like receptors (TLRs)
that recognize pathogen-associated molecules, leading to platelet presentation of surface moieties (e.g., CD40L, P-selectin, integrins) that
facilitate recruitment and interaction with immune cells (e.g., neutrophils, dendritic cells). Platelets can also release complement molecules
(e.g., C3). The combination of these mechanisms can lead to innate immunothrombotic events like neutrophil activation and extracellular
trap formation (NET-osis), as well as adaptive immune events like modulating dendritic cell and T-cell responses
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endothelium-secreted VWF, as well as via binding to various integ-
rins and cell adhesion molecules (CAMs) on the surface of endothe-
lial cells, such as fibrinogen-mediated interaction with endothelial
integrin avp3, platelet CD40L binding to endothelial CD40, platelet
interactions with platelet-endothelial CAM, and intercellular cell ad-
hesion molecule (ICAM), etc.51">4

Activated platelets also secrete pro-inflammatory biomole-
cules like interleukin-1p, Regulated Upon Activation Normal T-cell
Expressed and Secreted (RANTES, also called CCL5), monocyte che-
moattractant protein-1, macrophage colony stimulating factor, which
promote inflammatory cell recruitment.”>>¢ Activated platelets also
secrete platelet-derived growth factor (PDGF) and transforming
growth factor beta (TGF-B) that stimulate smooth muscle cell mi-
gration, proliferation, and collagen synthesis.”” In addition, activated
platelets, along with macrophages, produce matrix-metalloproteases
(MMPs) that degrade extracellular matrix to aid infiltration of
smooth muscle cells and inflammatory cells. CXCL4 or platelet fac-
tor 4 (PF-4), released from active platelet a-granules, is an important
chemoattractant for neutrophils, monocytes, and fibroblasts, and
also a stimulant of monocyte differentiation into macrophages.>®
Platelet-leukocyte interactions in the vascular inflammatory niche
is also rendered by lymphocyte function-associated antigen 1 and
macrophage 1 antigen (also called «,p, or CD11b/CD18) binding to
platelet ICAM-2 and GPlba, respectively.>*¢°

Figure 2 shows a schematic of various interactions between the
platelet-leukocyte-endothelium triad. These interactions, along with
platelet-secreted pro-inflammatory factors, have been implicated in
inflammatory conditions including atherosclerosis, asthma, allergic
rhinitis, eczema, psoriasis, inflammatory bowel disease, and rheuma-
toid arthritis. Platelets have also been implicated in inflammatory re-
sponse of the host to allografts (e.g., during ischemia-reperfusion of
the donor organ). Additionally, incompatible antigens coded by the
major histocompatibility complex are recognized by platelets and
drive antibody-meditated rejection of allografts.®! Platelet aggrega-
tion at the site of allografts has been identified as an early marker
of transplant rejection. Platelets facilitate interactions between the
vascular endothelium of the donor graft and leukocytes in the recip-
ient. They also mediate the recruitment and arrest of leukocytes in
this host response to donor organ. Although platelets do not con-
tain a nucleus, they contain mRNA in their cytoplasmic granules and
are capable of de novo synthesis of proteins including P-selectin and
other inflammatory factors.? Platelets can also internalize proteins
and RNA from the donor and transfer them to the recipient after
they are released back into circulation in their activated state.®® Such
inflammatory signaling and cell recruitment can result in increased
recognition and expression of donor antibodies by the recipient's
immune system. It has been demonstrated that platelets accumulate
at VWEF-positive endothelial cells at the intracapillary area in alloge-
neic, but not syngeneic, grafts in a murine model of heart transplan-
tation.®* Accordingly, platelet depletion as well as inhibition resulted
in improved microvascular perfusion in this model. It was also shown
that activated platelets expressing P-selectin, and releasing sero-
tonin and PF4, accumulate at the renal allograft following passive

transfer of donor-specific antibodies in a model of renal transplant
in immunodeficient mice.®®> This function of platelets was further
demonstrated in a model of antibody-mediated rejection of renal al-
lografts.®®%” Platelet P-selectin also supports the activation of com-
plement cascade and the generation of potent anaphylatoxins C3a
and C5a, amplifying the inflammatory and thrombotic environment.
The immune and inflammatory mechanisms of platelets indicate the
potential of platelet-targeted therapies in the management of such

pathologies.

3 | PLATELET-INSPIRED NANOMEDICINE
FOR TREATING IMMUNE AND
INFLAMMATORY DISEASES

Several antiplatelet agents have been investigated for their thera-
peutic effect in immune and inflammatory pathologies.68 Depleting
platelets or blocking platelet receptors with antibodies has dem-
onstrated therapeutic promise in experimental models of immune-
mediated inflammatory diseases. However, this approach also
presents the risk of adverse systemic effects. More localized deliv-
ery of immunosuppressants can be potentially achieved by nano-
medicine systems that exploit platelet-inspired binding mechanisms.
To this end, antibody-conjugated nanoparticles have been explored
in models of immune-mediated inflammation. For example, immu-
noliposomes decorated with selectin-targeting antibodies have been
studied for the targeted delivery of dexamethasone in murine mod-
els of arthritis and glomerulonephritis.®”’° Radiolabeled platelets
have been used to diagnose early stages of transplant rejection in
humans.”! This suggests that platelet-mimetic synthetic nanoparti-
cles could be potentially used for targeting transplant sites to deliver
anti-inflammatory and immunosuppressant drugs as well as molecu-
lar imaging agents to improve localized therapeutic and diagnostic
efficacy while avoiding systemic risks. In our research focused on
the development of platelet-inspired nanomedicine, we have dem-
onstrated the ability to mimic various platelet interactions (e.g.,
adhesion to VWF and collagen, aggregation mediated by fibrino-
gen, binding mediated by P-selectin, anchorage to fibrin, hetero-
typic binding to activated neutrophils) via decoration of liposomal
nanoparticle platforms with combinations of biointeractive pep-
tides.'>7273 We envision that such surface-engineered nanoparticle
platforms could be potentially customized for targeted delivery of
appropriate therapeutic agents in the management of immune and

inflammatory pathologies.

4 | PLATELET ROLE IN CANCER

Cancer metastasis, or the spreading of tumor cells from the pri-
mary disease site to nearby and distal organs of the body, is a highly
complex process involving malignant cell detachment from primary
tumor and their epithelial-to-mesenchymal transformation (EMT),
migratory invasion of the cells into neighboring tissues as well as
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their intravasation into proximal blood and lymph vessels, transport
of such cells via circulation while avoiding immune surveillance, their
extravasation from circulation and arrest in distal tissue beds, de-
velopment of metastatic microenvironment, and colonization and
growth of the cells at these distal sites.”*”® In 1865, the French cli-
nician Armand Trousseau reported his observation that migratory
thrombophlebitis is an indicator of occult malignancy, and since then
a compelling body of experimental and clinical evidence has estab-
lished crucial mechanistic roles of platelets in cancer metastasis.””
Specifically, platelets are implicated in playing a three-pronged role
in cancer metastasis: (1) facilitation and maintenance of the EMT
process, (2) shielding of circulating tumor cells (CTCs) from immune
surveillance/neutralization and shear stress, and (3) secretion of pro-
metastatic factors in the tumor microenvironment both at primary
site and at distal sites (Figure 3).78-94

Cancer cells express surface-level tissue factor, allowing for lo-
calized thrombin generation that can activate nearby platelets.”®
Activated platelets can also undergo direct or mediated binding in-
teractions with cancer cells, for example, platelet P-selectin-based
direct binding to cancer cell CD44, fibrinogen-mediated binding
between platelet GPlIb-Illa and integrin «,f; on cancer cells and
cancer-associated angiogenic endothelial cells, and VWF-mediated
binding between platelet GPlIba and GPlba-like motifs on cancer
cells.89-84 These binding interactions can allow activated platelets
to “cloak” cancer cells from immune surveillance in circulation, as
well as enable adhesion of the cloaked cells to vascular walls and
tissue beds at distal sites.828>8¢ P|atelets carry TGF-p within alpha

granules that is released on platelet activation and can subsequently
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activate the TGF-f/Smad pathway in cancer cells.®” Additionally,
direct contact between platelets and cancer cells can result in ac-
tivation of the NF-xB pathway.88 Both of these pathways can pro-
mote the transcription of pro-metastatic genes that contribute to
EMT processes. Platelets also secrete signaling molecules such as
PDGF and vascular endothelial growth factor, as well as proteases
(e.g., MMP-2, MMP-9) that can contribute to EMT mechanisms, in-
travasation, extravasation, and angiogenesis.89 Platelet CLEC-2 has
also been implicated in cancer metastasis by virtue of its interaction
with the sialylated membrane glycoprotein Podoplanin that is found
on several types of invasive cancers, including squamous cell car-
cinoma, brain tumor, osteosarcoma, and melanoma.”®?* Antibody-
mediated blocking of Podoplanin or therapeutic inhibition of platelet
CLEC-2 have shown promising effect in reducing or inhibiting tumor
progression.92 Additionally, platelet GPVI has recently been impli-
cated in promoting cancer metastasis and has been identified as a
potential therapeutic target.”>?* Therefore, therapeutic inhibition
or modulation of platelet-cancer interactions hold great promise in
developing innovative cancer therapies, and platelet-inspired nano-

medicine can play an important role in such development.

5 | PLATELET-INSPIRED NANOMEDICINE
APPROACHES FOR TREATING CANCER

Several preclinical and clinical studies in cancer treatment have been
conducted with therapeutic strategies to reduce platelet count, pre-

vent alpha-granule release, block P-selectin or GPIIb/Illa mediated
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FIGURE 3 Platelet role in cancer metastasis: (1) Platelet-secreted molecules can an aid in epithelial-to-mesenchymal transformation
(EMT) of metastatic cancer cells; (2) platelet-derived proteases can facilitate intravasation of metastatic cells; (3) bidirectional communication
between platelets and circulating tumor cells (CTCs) can result in platelet activation, and direct as well as mediated binding of activated
platelets to CTCs to form a “cloak” that enables immune cell evasion; (4) platelets can aid adhesion and extravasation of CTCs at distal

sites; and (5) platelets can secrete cytokines and growth factors that enable the development of metastatic microenvironment. Enlarged

box shows selected examples of platelet interactions with cancer cells (e.g., VWF-mediated binding between platelet GPlIba and analogous
antigens on cancer cells, fibrinogen (Fg)-mediated binding between platelet GPIIb-1lla, and cancer cell surface integrins, direct binding of

cancer cell CD44 to platelet P-selectin)
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binding interactions, and inhibit platelet activation.”>*°* Although
these have shown promising results, the systemic nature of these
strategies may be associated with bleeding risks and other side ef-
fects. Therefore, using nanomedicine platforms that mimic or lev-
erage platelet-cancer interactions to deliver specific therapeutic
payloads in a targeted manner can allow for enhancing treatment
benefit while avoiding systemic side effects. The promise of such
an approach is evident in studies involving chemotherapy drug (e.g.,
doxorubicin) encapsulation in actual platelets for tumor-targeted
delivery in lymphoma.'%?1%% However, studies have also shown that
doxorubicin can directly impact platelet activation and functions
leading to thrombotic and thrombocytopenic side effects.2%41%° This
provides a strong rationale to use platelet-mimetic nanoparticles as
potential carrier platforms for doxorubicin and other drugs to avoid
effects on endogenous platelets while enabling targeted delivery to
cancer cells.

In our research in this area, we have demonstrated that the pro-
metastatic breast cancer line MDA-MB-231 (human) and 4T1 (mouse)
have high expression of platelet-interactive surface functionality
(e.g., P-selectin mediated binding to PSGL-1, fibrinogen-mediated
binding to f, integrins), and decorating liposomal nanoparticles with
ligand combinations mimicking such interactions enabled targeted
delivery of chemotherapy (doxorubicin) to these cells in vitro.20¢1%7
Several research groups in recent years have also explored an inter-
esting strategy of coating anticancer drug loaded nanoparticles with
lipid membrane extracted from platelets (a process termed bioint-
erfacing), with the rationale that the some of the tumor-interactive
mechanisms of the platelets will be retained in the coated membrane
to enable tumor-targeted drug delivery. In this framework, platelet
membrane-coated nanoparticles have been used to deliver immune
checkpoint inhibitors, chemotherapy drugs, and photothermal ther-
apy agents to cancer, with promising results.'°®1°? In another analo-
gous approach, doxorubicin-loaded nanoparticles were coated with
platelet-derived membrane as well as decorated with TNF-related
apoptosis-inducing ligand, and these systems showed promising
efficacy in tumor-targeting and reducing metastasis.’® In another
recent approach, detergent-treated platelets lacking adhesion and
aggregation capabilities were shown to act as “platelet decoys” that
can inhibit platelet arrest on matrix proteins in vitro and reduce
tumor metastasis in mouse model in vivo.!'! Altogether, these stud-
ies highlight the potential of platelet-derived and platelet-inspired
nanomedicine approaches for cancer therapy. Figure 4 shows the
various platelet-inspired design approaches that are currently being
studied for therapeutic applications in cancer and in other patholog-

ical settings.

6 | PLATELET EXTRACELLULAR VESICLES:
A NEW PARADIGM FOR PLATELET-
INSPIRED NANOMEDICINE

In recent years, exciting research has emerged in the area of extracel-
lular vesicles (EVs) regarding their physiologic and pathologic roles,

as well as their potential utilization for therapeutic delivery.!*?-120

The terminology of “extracellular vesicle” broadly covers micro-
particles/microvesicles (100-1000 nm in diameter) originating
from membrane budding/blebbing processes, and exosomes (30-
100 nm in diameter) originating from cellular endocytic mechanisms
(Figure 5).1*2711% PEVs are well-established regulators of intracellular
communication and contain diverse cargo including microRNAs, cy-
tokines, and organelles like mitochondria, which reflect their cell of
origin.“S’120 Once released from their parent cell, PEVs can commu-
nicate with cells both nearby and at distant sites through their access
to blood, lymph, and synovial fluid. EV distribution in body tissues
is thought to be naturally defined by surface proteins inherited
from the parent cell. This natural ability of EVs to efficiently pack-
age and carry cargo and achieve a targeted biodistribution makes
them attractive candidates for therapeutic applications. Specifically,
infusion of EVs created from cultured cells is a burgeoning area of
intertest in nanomedicine.*?%*22 |n this framework, PEVs are emerg-
ing as an exciting area of platelet-derived nanomedicine platform.'?®

PEVs derived from the platelet mother cell, megakaryocytes,
compose more than 80% of the EVs in blood. Because they are abun-
dant and naturally occurring in healthy people, their risk of immuno-
genicity upon infusion is very low. In addition, PEVs are a component
of current platelet transfusions because platelets release vesicles
into the solution during storage. As such, there is very low risk of
immunogenicity for PEVs in both single and repeat dosing. PEVs are
produced as a by-product of platelet activation. They are natural car-
riers of proteins, organelles, and nucleic acids and hold tremendous
promise as direct cell messengers for novel therapeutics because
of their natural targeting to bone marrow stem cells, amenability
to large-scale/commercial manufacture, and potential low immuno-
genicity.1?*12% |n addition, there is compelling evidence that PEVs
interact with other cells to alter their fate and functionality. For ex-
ample, PEVs can transfer the surface protein CXCR4 to CXCR4-null
cells, causing the otherwise resistant recipient cells to be susceptible
to HIV infection.'? In addition, we have recently found that PEVs
have the capacity to functionally reprogram hematopoietic stem and
progenitor cells in the bone marrow by delivering cargo that restores
megakaryopoiesis.*?” In another study, PEVs were found to promote
hemostasis and prevent hemorrhagic shock.??® Recent research has
also indicated that PEVs stemming from tumor-induced platelet acti-
vation can participate in bidirectional communication between PEVs
and cancer cells.*?? In addition to carrying signaling molecules such
as TGF-p, PDGF, and vascular endothelial growth factor, PEVs have
been shown to express a higher density of surface proteins such as
P-selectin and CD41, as well as lipids like phosphatidylserine, making
them highly prothrombotic and procoagulant, and contributing to
cancer-associated thrombosis.'*® Altogether, these studies suggest
that PEVs alone have the capacity to target, bind, and alter specific
cells for unique bioactive effects.

Beyond surface-mediated interactions and specific targeting,
PEVs are also potentially suited for therapeutic delivery to specific
cells and tissues. For example, the ability of PEVs to recruit to the
bone marrow can make them potential delivery platforms that target
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FIGURE 4 Current state of the art in the design of platelet-inspired therapeutic platforms: Platelets bear a variety of surface-motifs
that interact with specific agonists and ligand molecules, and a variety of cytoplasmic granules that secrete their content upon platelet
activation; platelet-inspired therapeutic platforms are designed to similarly achieve specific surface interactions and release encapsulated
drug payloads. Systems based on direct platelet manipulation include using “ghost platelets” as decoys to inhibit native platelet interactions
with other cells and tissues, as well as using platelets as carriers for drugs loaded within their cytoplasm; systems based on the concept of
“biointerfacing” use membrane extracted from platelets to coat drug-loaded synthetic nanoparticles, with the rationale that the extracted
membrane will still bear certain biointeractive motifs to enable targeted drug delivery. Systems based on fully synthetic approaches use
surface-decoration of drug-loaded synthetic nanoparticles with specific ligands (e.g., antibodies, antibody fragments, peptides) that mimic
platelet-specific interactions with pathologic cells and tissues to enable cell-specific and site-specific drug delivery

resident bone marrow cells, such as gene therapy delivery to hemato-
poietic stem and progenitor cells. Gene therapies are differentiated
from drugs in that they aim to cure the disease instead of treating
the symptoms. However, gene therapies require delivery vehicles
to transport genes into the nucleus of target cells, which is a major
bottleneck to their translational advancement. Historically, gene
therapy approaches involve removal of target cells from the patient,
delivery of the genetic material to the cells in vitro, and then return-
ing the cells back to the patient's body. Although viral vectors (e.g.,
adenovirus, adeno-associated virus, retrovirus, lentivirus) constitute
the majority of current gene delivery platforms, their direct in vivo
administration present considerable risks including indiscriminate
tissue biodistribution, risk of insertional mutagenesis, oncogene ac-
tivation, and immunogenicity/toxicity. This has prompted research
into exploring nonviral gene delivery approaches using nanoparticles
manufactured from unique lipids and polymeric materials.**? In this
context, EVs are emerging as a unique bio-derived member of such
nonviral platforms. For example, small RNAs (siRNA and miRNA),
small linear DNA, and plasmid DNA have been successfully loaded
into EVs for a variety of delivery applications.*?"134 Because EVs can
transfer their cargo to alter the function of recipient cells via surface

receptor signaling, plasma membrane fusion, and internalization,
using PEVs carrying native cargo or encapsulating intended cargo
can provide unique opportunities for targeted delivery of drugs and
genetic material for specific therapeutic effects. In addition, future
studies will explore if PEVs can be further engineered to express or
remove specific biomarkers of interest, to further refine biodistribu-

tion, cell recognition, and communication for drug delivery.

7 | DISCUSSION

Platelets have emerged as one of the most versatile cellular en-
tities, with significant mechanistic involvement in hemostasis,
thrombosis, inflammation, immune response and cancer. Platelets
play these mechanistic roles by virtue of a variety of surface inter-
actions with other cells and tissues, secretion of various cytoplas-
mic granule contents, and transfer of intracellular cargo via unique
mechanisms including extracellular vesicle production. These ver-
satile roles of platelets present a strong rationale for the devel-
opment of platelet-inspired nanomedicine strategies for targeted
treatment of these diseases. To this end, a robust volume of past
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FIGURE 5 Platelet activation and production of platelet-derived extracellular vesicles (PEVs): Platelets undergo activation by a variety
of agnonists; platelet activation leads to its shape and cytoskeletal changes, as well as the production of microparticles/microvesicles
(100-1000 nm diameter) via membrane budding/blebbing processes, and exosomes (30-100 nm in diameter) via endocytic mechanisms,
collectively known as PEVs. Representative scanning electron microscopy image of a resting discoid platelet and that of an activated “star-

shaped” platelet secreting EVs are shown in the figure

and ongoing research has focused on the design of platelet-derived
and platelet-inspired microparticle and nanoparticle platforms for
therapeutic applications in hemostasis and thrombosis areas, but
similar development in the areas of immune response modula-
tion, inflammation, and cancer have been limited. Considering the
persistent issues of systemic or off-target side effects that arise
in the current pharmacological management of such pathologies,
drug delivery using platelet-inspired nanomedicine platforms
may provide highly innovative pathways to enhance therapeutic
efficacy while maintaining systemic safety. Although innovation
and preclinical evaluation of these approaches are under way at a
promising speed, their clinical translation would require successful
achievement of several critical milestones. For systems that use
manipulation of donor platelets (e.g., membrane extraction, cyto-
plasmic content depletion, intracellular drug loading), there will be
potential challenges in platelet availability, storage, functional het-
erogeneity, and reproducible manufacturing that are already evi-
denced in the existing framework of platelet transfusion products
in the hemostatic management of patients.135 One potential solu-
tion to such challenges can be the utilization of donor-independent
platelets (e.g., production of platelets from stem cells using spe-
cific bioreactor systems). This approach is also under way in the
preclinical stage, but requires optimization of the cost, scale, and
time needed for such platelet production along with establishing
functional efficacy and reproducibility, to be suitable for clinical
translation.’®® On the other hand, for systems that use a fully syn-
thetic approach of drug-loaded ligand-decorated platelet-mimetic
nanoparticles, the cost, scalability, and production time may be
optimized effectively because pf several decades of experience
with nanoparticle technologies in the pharmaceutical sector
(e.g., liposomal doxorubicin formulation Doxil approved in 1995,
lipid nanoparticle-based mRNA vaccine Comirnaty for COVID-19

approved in 2021).%7 However, a potential challenge with such
systems can be unwanted immune response from nanoparticles
and off-target side effects.’®® Therefore, rigorous preclinical in
vitro and in vivo evaluation of efficacy and pharmacology/toxi-
cology parameters will be needed, along with meticulous naviga-
tion of the regulatory framework, to enable the establishment of
unique nanomedicine strategies that leverage the role of platelets
beyond hemostasis and thrombosis.

ACKNOWLEDGMENTS

A.S.G. acknowledges funding support from National Institutes of
Health, National Heart, Lung, and Blood Institute (RO1 HL137695,
RO1 HL141080, RO1 HL121212). M.K. acknowledges funding sup-
port from National Institutes of Health, National Heart, Lung,
and Blood Institute (RO1 HL153235) and from University of
Massachusetts CTSA program (UL1TR001453). K.R.M.is supported
by grants from the National Institutes of Health, National Institute
of Diabetes and Digestive and Kidney Diseases (RO3DK124746)
and National Heart, Lung, and Blood Institute (RO1HL151494).
KRM is an American Society of Hematology Scholar.

CONFLICT OF INTEREST

Anirban Sen Gupta is an inventor on issued patents US 9107845B2,
US9636383B2, US 10426820B2, and US 10,434149B2, all focused
on composition and use of “synthetic platelets” technology. Anirban
Sen Gupta is also a cofounder of Haima Therapeutics, where these
patents are licensed for further translation and commercialization
aspects. Anirban Sen Gupta is also an inventor on issued patent
US 9107963 (Heteromultivalent Nanoparticle Compositions) for
platelet-inspired drug delivery platform. Kellie R. Machlus is a con-
sultant for Keros Therapeutics and STRM.BIO. Cian Desai and Milka
Koupenova have nothing to disclose.



DESAI ET AL.

AUTHOR CONTRIBUTIONS

Cian Desai contributed to writing sections on platelet involvement in

cancer and associated nanomedicine approaches. Milka Koupenova

contributed to writing sections on platelet role in immune response.

Kellie R. Machlus contributed to writing sections on platelet extra-

cellular vesicles and editing other sections in the paper. Anirban Sen

Gupta wrote sections on platelet mechanisms in immune response,

inflammation and cancer, all sections on platelet-inspired nanomedi-

cine technologies spanning the pathologies described here, pre-

pared all schematic figures, and compiled the complete paper.

ORCID

Cian Desai
Milka Koupenova
Kellie R. Machlus
Anirban Sen Gupta

https://orcid.org/0000-0001-9290-5015

https://orcid.org/0000-0001-5934-8990

https://orcid.org/0000-0002-2155-1050
https://orcid.org/0000-0002-5773-0667

TWITTER
Anirban Sen Gupta Yy @JishnuSenGupta

REFERENCES

1.

10.

11.

12.

13.

14.

15.

van der Meijden PEJ, Heemskerk JWM. Platelet biology and func-
tions: new concepts and clinical perspectives. Nat Rev Cardiol.
2019;16:166-179.

Versteeg HH, Heemskerk JWM, Levi M, Reitsma PH. New funda-
mentals in hemostasis. Physiol Rev. 2013;93:327-358.

Furie B, Furie B. Mechanisms of thrombus formation. N Engl J Med.
2008;359:938-949.

Jackson SP. Arterial thrombosis - insidious, unpredictable and
deadly. Nat Med. 2011;17:1423-1436.

Koupenova M, Kehrel BE, Corkery HA, Freedman JE. Thrombosis
and platelets: an update. Eur Heart J. 2017;38:785-791.

Yeung J, Li W, Holinstat M. Platelet signaling and disease: targeted
therapy for thrombosis and other related diseases. Pharmacol Rev.
2018;70:526-548.

Holcomb JB, Tilley BC, Baraniuk S, et al. Transfusion of plasma,
platelets, and red blood cellsin a 1:1:1 vs a 1:1:2 ratio and mortality
in patients with severe trauma: the PROPPR randomized clinical
trial. JAMA. 2015;313:471-482.

Cardenas JC, Zhang X, Fox EE, et al. Platelet transfusions improve
hemostasis and survival in a substudy of the prospective, random-
ized PROPPR trial. Blood Adv. 2018;2:1696-1704.

McFadyen JD, Schaff M, Peter K. Current and future antiplatelet
therapies: emphasis on preserving haemostasis. Nat Rev Cardiol.
2018;15:181-191.

Lobatto ME, Fuaster V, Fayad ZA, Mulder WJM. Perspectives and
opportunities for nanomedicine in the management of atheroscle-
rosis. Nat Rev Drug Disc. 2011;10:835-852.

Luc NF, Rohner N, Girish A, Sekhon UDS, Neal MD, Sen GA.
Bioinspired artificial platelets: past, present and future. Platelets.
2022;33:35-47.

Sun M, Sen Gupta A. Vascular nanomedicine: current status, oppor-
tunities and challenges. Semin Thromb Hemost. 2020;46:524-544.
Smyth SS, McEver RP, Weyrich AS, et al. Platelet functions beyond
hemostasis. J Thromb Haemost. 2009;7:1759-1766.

Jain S, Harris J, Ware J. Platelets: linking hemostasis and cancer.
Arterioscler Thromb Vasc Biol. 2010;30:2362-2367.

Menter DG, Tucker SC, Kopetz S, Sood AK, Crissman JD, Honn
KV. Platelets in cancer: a casual or causal relationship: revisited.
Cancer Metastasis Rev. 2014;33:231-269.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

jtj“ | 1531

Ware J, Suva LJ. Platelets to hemostasis and beyond. Blood.
2011;117:3703-3704.

Gros A, Ollivier V, Ho-Tin-Noe B. Platelets in inflammation: reg-
ulation of leukocyte activities and vascular repair. Front Immunol.
2015;5:678.

Golebiewska EM, Poole AW. Platelet secretion: from haemostasis
to wound healing and beyond. Blood Rev. 2015;29:153-162.

Xu XR, Zhang D, Oswald BE, et al. Platelets are versatile cells: new
discoveries in hemostasis, thrombosis, immune responses, tumor
metastasis and beyond. Crit Rev Clin Lab Sci. 2016;53:409-430.
Koupenova M, Corkery HA, Vitseva O, et al. The role of platelets
in mediating a response to human influenza infection. Nat Comm.
2019;10:1780.

Rayes J, Bourne JH, Brill A, Watson SP. The dual role of platelet-
immune cell interactions in thrombo-inflammation. Res Pract
Thromb Haemost. 2019;4:23-35.

Italiano JE Jr, Mairuhu ATA, Flaumenhaft R. Clinical relevance
of microparticles from platelets and megakaryocytes. Curr Opin
Hematol. 2010;17:578-584.

Gasecka A, Nieuwland R, Siljander PR-M. Platelet-derived extra-
cellular vesicles. In: Michelson AD, ed. Platelets (Fourth Edition).
Academic Press; 2019; 401-406.

Puhm F, Flamand L, Boilard E. Platelet extracellular vesicles
in COVID-19: Potential markers and makers. J Leukoc Biol.
2022;111(1):63-74. doi:10.1002/JLB.3MIR0221-100R

Koupenova M, Clancy L, Corkrey HA, Freedman JE. Circulating
platelets as mediators of immunity, inflammation, and thrombosis.
Circ Res. 2018;122:337-351.

Semple JW, ltaliano JE Jr, Freedman J. Platelets and the immune
continuum. Nat Rev Immunol. 2011;11:264-274.

Song WC. Crosstalk between complement and toll-like receptors.
Toxicol Pathol. 2012;40:174-182.

Koupenova M, Mick E, Mikhalev E, Benjamin EJ, Tanriverdi K,
Freedman JE. Sex differences in platelet toll-like receptors and
their association with cardiovascular risk factors. Arterioscler
Thromb Vasc Biol. 2015;35:1030-1037.

Rivadeneyra L, Carestia A, Etulain J, et al. Regulation of platelet
responses triggered by toll-like receptor 2 and 4 ligands is an-
other non-genomic role of nuclear factor-kappab. Thromb Res.
2014;133:235-243.

Blair P, Rex S, Vitseva O, et al. Stimulation of toll-like recep-
tor 2 in human platelets induces a thromboinflammatory re-
sponse through activation of phosphoinositide 3-kinase. Circ Res.
2009;104:346-354.

Nocella C, Carnevale R, Bartimoccia S, et al. Lipopolysaccharide
as trigger of platelet aggregation via eicosanoid over-production.
Thromb Haemost. 2017;117:1558-1570.

Lopes Pires ME, Clarke SR, Marcondes S, Gibbins JM.
Lipopolysaccharide potentiates platelet responses via toll-like recep-
tor4-stimulated akt-erk-pla2 signalling. PLoS One.2017;12:e0186981.
Zhang G, Han J, Welch EJ, et al. Lipopolysaccharide stimulates
platelet secretion and potentiates platelet aggregation via tlr4/
myd88 and the cgmp-dependent protein kinase pathway. J
Immunol. 2009;182:7997-8004.

Clark SR, Ma AC, Tavener SA, et al. Platelet tIr4 activates neutro-
phil extracellular traps to ensnare bacteria in septic blood. Nat
Med. 2007;13:463-469.

Carestia A, Kaufman T, Rivadeneyra L, et al. Mediators and molec-
ular pathways involved in the regulation of neutrophil extracellu-
lar trap formation mediated by activated platelets. J Leukoc Biol.
2016;99:153-162.

Fuchs TA, Brill A, Duerschmied D, et al. Extracellular DNA traps pro-
mote thrombosis. Proc Natl Acad Sci USA. 2010;107:15880-15885.
Banerjee M, Huang Y, Joshi S, et al. Platelets endocytose viral
particles and are activated via tlr (toll-like receptor) signaling.
Arterioscler Thromb Vasc Biol. 2020;40:1635-1650.


https://orcid.org/0000-0001-9290-5015
https://orcid.org/0000-0001-9290-5015
https://orcid.org/0000-0001-5934-8990
https://orcid.org/0000-0001-5934-8990
https://orcid.org/0000-0002-2155-1050
https://orcid.org/0000-0002-2155-1050
https://orcid.org/0000-0002-5773-0667
https://orcid.org/0000-0002-5773-0667
https://twitter.com/JishnuSenGupta
https://doi.org/10.1002/JLB.3MIR0221-100R

DESAI ET AL.

1532 | jﬂ‘

38.

39.
40.
41.

42.

43.
44,

45.
46.

47.
48.

49.
50.

51.

52.
53.

54.
55.
56.
57.

58.
59.

60.

Koupenova M, Vitseva O, MacKay CR, et al. Platelet-tlr7 me-
diates host survival and platelet count during viral infec-
tion in the absence of platelet-dependent thrombosis. Blood.
2014;124:791-802.

Thon JN, Peters CG, Machlus KR, et al. T granules in human
platelets function in tlr9 organization and signaling. J Cell Biol.
2012;198:561-574.

Panigrahi S, Ma Y, Hong L, et al. Engagement of platelet toll-like
receptor 9 by novel endogenous ligands promotes platelet hyper-
reactivity and thrombosis. Circ Res. 2013;112:103-112.

D'Atri LP, Etulain J, Rivadeneyra L, et al. Expression and function-
ality of toll-like receptor 3 in the megakaryocytic lineage. J Thromb
Haemost. 2015;13:839-850.

Blair P, Flaumenhaft R. Platelet alpha-granules: basic biology and
clinical correlates. Blood Rev. 2009;23:177-189.

Elzey BD, Tian J, Jensen RJ, et al. Platelet-mediated modulation
of adaptive immunity. A communication link between innate and
adaptive immune compartments. Immunity. 2003;19:9-19.
Massberg S, Brand K, Griiner S, et al. A critical role of platelet ad-
hesion in the initiation of atherosclerotic lesion formation. J Exp
Med. 2002;196:887-896.

Gawaz M, Langer H, May AE. Platelets in inflammation and athero-
genesis. J Clin Invest. 2005;115:3378-3384.

Kaplan ZS, Jackson SP. The role of platelets in atherothrombosis.
Hematol Am Soc Hematol Educ Program. 2011;2011:51-61.

Rondina MT, Weyrich AS, Zimmerman GA. Platelets as cel-
lular effectors of inflammation in vascular diseases. Circ Res.
2013;112:1506-1519.

Murphy AJ, Bijl N, Yvan-Charvet L, et al. Cholesterol efflux in
megakaryocyte progenitors suppresses platelet production and
thrombocytosis. Nat Med. 2013;19:586-594.

Thomas MR, Storey RF. The role of platelets in inflammation.
Thromb Haemost. 2015;114:449-458.

Blann AD, Nadar SK, Lip GY. The adhesion molecule P-selectin and
cardiovascular disease. Eur Heart J. 2003;24:2166-2179.

Totani L, Evangelista V. Platelet-leukocyte interactions in car-
diovascular disease and beyond. Arterioscler Thromb Vasc Biol.
2010;30:2357-2361.

Van Kooten C, Banchereau J. CD40-CD40 ligand. J Leuko Bio.
2000;67:2-17.

Galkina E, Ley K. Vascular adhesion molecules in atherosclerosis.
Arterioscler Thromb Vasc Biol. 2007;27:2292-2301.

Coenen DM, Mastenbroek TG, Cosemans JMEM. Platelet interac-
tion with activated endothelium: mechanistic insight from micro-
fluidics. Blood. 2017;130:2819-2828.

von Hundelshausen P, Weber C. Platelets as immune cells:
bridging inflammation and cardiovascular disease. Circ Res.
2007;100:27-40.

Bakogiannis C, Sachse M, Stamatelopoulos K, Stellos K. Platelet-
derived chemokines in inflammation and atherosclerosis. Cytokine.
2019;122:154157.

Wahl SM, Hunt DA, Wakefield LM, et al. Transforming growth
factor type beta induces monocyte chemotaxis and growth factor
production. Proc Natl Acad Sci USA. 1987;84:5788-5792.

Petersen F, Bock L, Flad HD, Brandt E. Platelet factor 4-induced
neutrophil-endothelial cell interaction: involvement of mecha-
nisms and functional consequences different from those elicited
by interleukin-8. Blood. 1999;94:4020-4028.

Blanks JE, Moll T, Eytner R, Vestweber D. Stimulation of P-
selectin glycoprotein ligand-1 on mouse neutrophils activates beta
2-integrin mediated cell attachment to ICAM-1. Eur J Immunol.
1998;28:433-443.

Kuijper PH, Gallardo Tores HI, Lammers JW, Sixma JJ, Koenderman
L, Zwaginga JJ. Platelet associated fibrinogen and ICAM-2 in-
duce firm adhesion of neutrophils under flow conditions. Thromb
Haemost. 1998;80:443-448.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Chapman LM, Aggrey AA, Field DJ, et al. Platelets present antigen
in the context of MHC Class |. J Immunol. 2012;189:916-923.
Schwertz H, Rowley JW, Tolley ND, Campbell RA, Weyrich
AS. Assessing protein synthesis by platelets. Methods Mol Biol.
2012;788:141-153.

Khedraki R, Dhar J, Baldwin WM. Platelets: mechanistic and di-
agnostic significance in transplantation. Curr Transplant Rep.
2020;7:124-130.

Fischer K, Ohori S, Meral FC, et al. Testing the efficacy of
contrast-enhanced ultrasound in detecting transplant rejection
using a murine model of heart transplantation. Am J Transplant.
2017;17:1791-1801.

Ozdemir BH, Demirhan B, Glingen Y. The presence and prognos-
tic importance of glomerular macrophage infiltration in renal al-
lografts. Nephron. 2002;90:442-446.

Gorbacheva V, Fan R, Fairchild RL, Baldwin WM, Valujskikh A.
Memory CD4 T cells induce antibody-mediated rejection of renal
allografts. J Am Soc Nephrol. 2016;27:3299-3307.

Kuo H-H, Fan R, Dvorina N, Chiesa-Vottero A, Baldwin WM lII.
Platelets in early antibody-mediated rejection of renal transplants.
J Am Soc Nephrol. 2015;26:855-863.

Metharom P, Berndt MC, Baker RI, Andrews RK. Current state and
novel approaches of antiplatelet therapy. Arterioscler Thromb Vasc
Biol. 2015;35:1327-1338.

Koning GA, Schiffelers RM, Wauben MHM, et al. Targeting of an-
giogenic endothelial cells at sites of inflammation by dexameth-
asone phosphate-containing RGD peptide liposomes inhibits
experimental arthritis. Arthritis Rheum. 2006;54:1198-1208.
Asgeirsdéttir SA, Zwiers PJ, Morselt HW, et al. Inhibition of
proinflammatory genes in anti-GBM glomerulonephritis by tar-
geted dexamethasone-loaded AbESel liposomes. Am J Physiol.
2008;294:F554-F561.

Collier BD, Adams MB, Kauffman HM, et al. Accurate diagnosis of
renal transplant rejection by indium-111 platelet imaging despite
postoperative cyclosporin therapy. Clin Nucl Med. 1988;13:606-610.
Pawlowski CL, Li W, Sun M, et al. Platelet microparticle-
inspired clot-responsive nanomedicine for targeted fibrinolysis.
Biomaterials. 2017;128:94-108.

Sun M, Miyazawa K, Pendekanti T, et al. Combination targeting of
‘platelets + fibrin’ enhances clot anchorage efficiency of nanopar-
ticles for vascular drug delivery. Nanoscale. 2020;12:21255-21270.
Pantel K, Brakenhoff RH. Dissecting the metastatic cascade. Nat
Rev Cancer. 2004;4:448-456.

Gupta GP, Massagué J. Cancer metastasis: building a framework.
Cell. 2006;127:679-695.

Pastushenko |, Brisebarre A, Sifrim A, et al. Identification of
the tumour transition states occurring during EMT. Nature.
2018;556:463-468.

Varki A. Trousseau'’s syndrome: multiple definitions and multiple
mechanisms. Blood. 2007;110:1723-1729.

Hisada Y, Mackman N. Tissue factor and cancer: regulation, tumor
growth, and metastasis. Semin Thromb Hemost. 2019;45:385-395.
Jurasz P, Alonso-Escolano D, Radomski MW. Platelet-cancer in-
teractions: mechanisms and pharmacology of tumour cell-induced
platelet aggregation. Br J Pharmacol. 2004;143:819-826.
Konstantopoulos K, Thomas SN. Cancer cells in transit: the vascular
interactions of tumor cells. Annu Rev Biomed Eng. 2009;11:177-202.
Labelle M, Begum S, Hynes RO. Direct signaling between platelets
and cancer cells induces an epithelial-mesenchymal-like transition
and promotes metastasis. Cancer Cell. 2011;20:576-590.

Palumbo JS, Talmage KE, Massari JV, et al. Platelets and fibrin(o-
gen) increase metastatic potential by impeding natural killer cell-
mediated elimination of tumor cells. Blood. 2005;105:178-185.
Coupland LA, Chong BH, Parish CR. Platelets and P-selectin con-
trol tumor cell metastasis in an organ-specific manner and inde-
pendently of NK cells. Cancer Res. 2012;72:4662-4671.



DESAI €T AL. jtj“ | 1533

84. Suter CM, Hogg PJ, Price JT, Chong BH, Ward RL. Identification 106. Modery-Pawlowski C, Master AM, Pan V, Howard G, Sen GA. A

and characterization of a platelet GPIb/V/IX-like complex on platelet-mimetic paradigm for metastasis-targeted nanomedicine
human breast cancers: Implications for the metastatic process. Jpn platforms. Biomacromol. 2013;14:910-913.

J Cancer Res. 2001;92:1082-1092. 107. Pan V, Siva PN, Modery-Pawlowski CL, Sekhon UDS, Sen GA.

85. Trikha M, Zhou Z, Timar J, et al. Multiple roles for platelet GPllb/ Targeted killing of metastatic cells using a platelet-inspired drug
Illa and alphavbeta3 integrins in tumor growth, angiogenesis, and delivery system. RSC Adv. 2015;57:46218-46228.
metastasis. Cancer Res. 2002;62:2824-2833. 108. Geranpayehvaghei M, Dabirmanesh B, Khaledi M, et al. Cancer-

86. Gay L, Felding-Habermann B. Contribution of platelets to tumour associated-platelet-inspired nanomedicines for cancer therapy.
metastasis. Nat Rev Cancer. 2011;11:123-134. WIRES Nanomed Nanobiotechnol. 2021;13:e1702.

87. GuoY, Cui W, Pei Y, Xu D. Platelets promote invasion and induce 109. Hu Q, Sun W, Qian C, Wang C, Bomba HN, Gu Z. Anticancer
epithelial to mesenchymal transition in ovarian cancer cells by platelet-mimicking nanovehicles. Adv Mater. 2015;27:7043-7050.
TGF- signaling pathway. Gynecol Oncol. 2019;153:639-650. 110. LiJ, AiY,WangL, et al. Targeted drug delivery to circulating tumor

88. Gkolfinopoulos S, Jones RL, Constantinidou A. The emerging role cells via platelet membrane-functionalized particles. Biomaterials.
of platelets in the formation of the micrometastatic niche: current 2016;76:52-65.
evidence and future perspectives. Front Oncol. 2020;10:374. 111. PapaA-L, Jiang A, Korin N, et al. Platelet decoys inhibit thrombosis

89. Deryugina El, Quigley JP. Matrix metalloproteinases and tumor and prevent metastatic tumor formation in preclinical models. Sci
metastasis. Cancer Metastasis Rev. 2006;25:9-34. Transl Med. 2019;11:eaau5898.

90. Lowe KL, Navarro-Nunez L, Watson SP. Platelet CLEC-2 and podo- 112. Heijnen HFG, Schiel AE, Fijnheer R, Geuze HJ, Sixma JJ.
planin in cancer metastasis. Thromb Res. 2012;129:530-S37. Activated platelets release two types of membrane vesicles:

91. Suzuki-Inoue K. Platelets and cancer-associated thrombosis: fo- microvesicles by surface shedding and exosomes derived from
cusing on the platelet activation receptor CLEC-2 and podoplanin. exocytosis of multivesicular bodies and «-granules. Blood.
Blood. 2019;134:1912-1918. 1999,94:3791-3799.

92. Chang YW, Hsieh P-W, Chang Y-T, et al. Identification of a novel 113. Raposo G, Stoorvogel W. Extracellular vesicles: Exosomes, mi-
antagonist that binds to CLEC-2 and suppresses podoplanin- crovesicles and friends. J Cell Biol. 2013;4:373.
induced platelet aggregation and cancer metastasis. Oncotarget. 114. Aatonen MT, Ohman T, Nyman TA, Laitinen S, Grénholm M,
2015;6:42733-42748. Siljander PR-M. Isolation and characterization of platelet-derived

93. Volz J, Mammadova-Bach E, Gil-Pulido J, et al. Inhibition of plate- extracellular vesicles. J Extracell Vesicles. 2014;3:24692. doi:
let GPVI induces intratumor hemorrhage and increases efficacy of 10.3402/jev.v3.24692
chemotherapy in mice. Blood. 2019;133:2696-2706. 115. Tkach M, Théry C. Communication by extracellular vesicles: Where

94. Mammadova-Bach E, Gil-Pulido J, Sarukhanyan E, et al. Platelet are we and where we need to go. Cell. 2016;164:1226-1232.
glycoprotein VI promotes metastasis through interaction with 116. Mause SF, Weber C. Microparticles: protagonists of a novel com-
cancer cell-derived galectin-3. Blood. 2020;135:1146-1160. munication network for intercellular information exchange. Circ

95. Gasic GJ, Gasic TB, Stewart CC. Antimetastatic effects associated Res. 2010;107:1047-1057.
with platelet reduction. Proc Natl Acad Sci USA. 1968;61:46-52. 117. Mause SF, von Hundelshausen P, Zernecke A, Koenen RR, Weber

96. Amirkhosravi A, Mousa SA, Amaya M, et al. Assessment of anti- C. Platelet microparticles: a transcellular delivery system for
metastatic effects of anticoagulant and antiplatelet agents using RANTES promoting monocyte recruitment on endothelium.
animal models of experimental lung metastasis. Methods Mol Bio. Arterioscler Thromb Vasc Biol. 2005;25:1512-1518.
2010;663:241-259. 118. Boudreau LH, Duchez AC, Cloutier N, et al. Platelets release

97. Bambace NM, Holmes CE. The platelet contribution to cancer pro- mitochondria serving as substrate for bactericidal group IlIA-
gression. J Thromb Haemost. 2011;9:237-249. secreted phospholipase A2 to promote inflammation. Blood.

98. Mohammad KS, Javelaud D, Fournier PGJ, et al. TGF-beta-RI ki- 2014;124:2173-2183.
nase inhibitor SD-208 reduces the development and progression 119. Laffont B, Corduan A, PIé H, et al. Activated platelets can deliver
of melanoma bone metastases. Cancer Res. 2011;71:175-184. mMRNA regulatory Ago2* microRNA complexes to endothelial cells

99. Xu XR, Yousef GM, Ni H. Cancer and platelet crosstalk: opportuni- via microparticles. Blood. 2013;122:253-261.
ties and challenges for aspirin and other antiplatelet agents. Blood. 120. Puhm F, Boilard E, Machlus KR. Platelet extracellular vesicles: be-
2018;131:1777-1789. yond the blood. Arterioscler Thromb Vasc Biol. 2021;41:87-96.

100. Yu L, Guo Y, Chang Z, et al. Bidirectional interaction between 121. Wiklander OPB, Brennan MA, Létvall J, Breakefield XO, Andaloussi
cancer cells and platelets provides potential strategies for cancer SE. Advances in therapeutic application of extracellular vesicles.
therapies. Front Oncol. 2021;11:764119. Sci Transl Med. 2019;11:eaav8521.

101. Braun A, Anders H-J, Gudermann T, Mammadova-Bach E. Platelet- 122. Herrmann IK, Wood MJA, Fuhrmann G. Extracellular vesicles
cancer interplay: molecular mechanisms and new therapeutic ave- as a next-generation drug delivery platform. Nat Nanotechnol.
nues. Front Oncol. 2021;11: 665534. 2021;16:748-759.

102. Xu P, Zuo H, Chen B, et al. Doxorubicin-loaded platelets as a smart 123. Johnson J, Wu Y-W, Blyth C, Lichtfuss G, Goubran H, Burnouf T.
drug delivery system: an improved therapy for lymphoma. Sci Rep. Prospective therapeutic applications of platelet extracellular vesi-
2017;7:42632. cles. Trends Biotechnol. 2021;39:598-612.

103. Wu Y-W, Huang C-C, Changou CA, Lu L-S, Goubran H, Burnouf 124. Escobar C,Kao CY, Das S, Papoutsakis ET. Human megakaryocytic
T. Clinical-grade cryopreserved doxorubicin-loaded platelets: role microparticles induce de novo platelet biogenesis in a wild-type
of cancer cells and platelet extracellular vesicles activation loop. J murine model. Blood Adv. 2020;4:804-814.

Biomed Sci. 2020;27:45. 125. Martinez AF, Miller WM. Enabling large-scale ex vivo production

104. Kim E-J, Lim K-M, Kim K-Y, et al. Doxorubicin-induced platelet of megakaryocytes from CD34(+) cells using gas-permeable sur-
cytotoxicity: a new contributory factor for doxorubicin-mediated faces. Stem Cells Transl Med. 2019;8:658-670.
thrombocytopenia. J Thromb Haemost. 2009;7:1172-1183. 126. Rozmyslowicz T, Majka M, Kijowski J, et al. Platelet- and

105. Lv H, TanR, Liao J, et al. Doxorubicin contributes to thrombus for- megakaryocyte-derived microparticles transfer CXCR4 receptor

mation and vascular injury by interfering with platelet function.
Am J Physiol Heart Circ Physiol. 2020;319:H133-H143.

to CXCR4-null cells and make them susceptible to infection by X4-
HIV. AIDS. 2003;17:33-42.


https://doi.org/10.3402/jev.v3.24692

DESAI ET AL.

1534 | jﬂ‘

127.
128.

129.

130.
131.
132.
133.

134.

French SL, Butov KR, Allaeys |, et al. Platelet-derived extracellular
vesicles infiltrate and modify the bone marrow during inflamma-
tion. Blood Adv. 2020;4:3011-3023.

Lopez E, Srivastava AK, Burchfield J, et al. Platelet-derived-
extracellular vesicles promote hemostasis and prevent develop-
ment of hemorrhagic shock. Sci Rep. 2019;9:17676.

Lazar S, Goldfinger LE. Platelets and extracellular vesicles and
their cross talk with cancer. Blood. 2021;137:3192-3200.
Sinauridze El, Kireev DA, Popenko NY, et al. Platelet microparticle
membranes have 50- to 100-fold higher specific procoagulant ac-
tivity than activated platelets. Thromb Haemost. 2007;97:425-434.
Yin H, Kanasty RL, Eltoukhy AA, Vegas AJ, Dorkin JR, Anderson
DG. Non-viral vectors for gene-based therapy. Nat Rev Genet.
2014;15:541-555.

Lamichhane TN, Raiker RS, Jay SM. Exogenous DNA loading into
extracellular vesicles via electroporation is size-dependent and
enables limited gene delivery. Mol Pharm. 2015;12:3650-3657.
Kao CY, Papoutsakis ET. Engineering human megakaryocytic mi-
croparticles for targeted delivery of nucleic acids to hematopoietic
stem and progenitor cells. Sci Adv. 2018;4:eaaub762.

O'Brien K, Breyne K, Ughetto S, Laurent LC, Breakefield XO. RNA
delivery by extracellular vesicles in mammalian cells and its appli-
cations. Nat Rev Mol Cell Biol. 2020;21:585-606.

135.

136.

137.

138.

Humbrecht C, Kientz D, Gachet C. Platelet transfusion: current
challenges. Transfus Clin Biol. 2018;25:151-164.

Mookerjee S, Foster HR, Waller AK, Ghevaert CJ. In vitro-derived
platelets: the challenges we will have to face to assess quality and
safety. Platelets. 2020;31:724-730.

Anselmo AC, Mitragotri S. Nanoparticles in the clinic: an update.
Bioeng Trans| Med. 2019;4:€10143.

Liu Y, Hardie J, Zhang X, Rotello VM. Effect of engineered
nanoparticles on the innate immune system. Semin Immunol.
2017;34:25-32.

How to cite this article: Desai C, Koupenova M, Machlus KR,

Sen Gupta A. Beyond the thrombus: Platelet-inspired

nanomedicine approaches in inflammation, immune
response, and cancer. J Thromb Haemost. 2022;20:1523-
1534. doi:10.1111/jth.15733


https://doi.org/10.1111/jth.15733

	Beyond the thrombus: Platelet-­inspired nanomedicine approaches in inflammation, immune response, and cancer
	Abstract
	1|INTRODUCTION
	2|PLATELETS IN IMMUNE RESPONSES AND INFLAMMATION
	3|PLATELET-­INSPIRED NANOMEDICINE FOR TREATING IMMUNE AND INFLAMMATORY DISEASES
	4|PLATELET ROLE IN CANCER
	5|PLATELET-­INSPIRED NANOMEDICINE APPROACHES FOR TREATING CANCER
	6|PLATELET EXTRACELLULAR VESICLES: A NEW PARADIGM FOR PLATELET-­INSPIRED NANOMEDICINE
	7|DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	REFERENCES


