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Abstract
Background: It is well accepted that the bidirectional crosstalk between platelets and 
cancer cells promotes tumorigenesis and metastasis. In an early step, cancer cells trig-
ger platelet granule and extracellular vesicle release that is needed to facilitate cancer 
cell survival in circulation.
Objectives: To discover the early crosstalk of cancer cells and platelets.
Methods: Cancer cells were incubated with freshly isolated and stained human plate-
lets. Confocal laser scanning microscopy and flow cytometry was used to visualize 
and to quantify platelet uptake and the membrane presence of CD42 on cancer cells. 
Dyngo4a was used to test if platelet uptake is a dynamin- dependent process.
Results: We found a dynamin- dependent uptake of platelets by cancer cells. This is 
followed by the recycling of the platelet- specific protein CD42a and its incorporation 
into cancer cells’ plasma membrane, which is not a result of platelet RNA transfer by 
platelet- derived microparticles and exosomes. Time course of platelet uptake follows 
a sigmoid function revealing that 50% of the cancer cells are positive for platelets 
after approximately 38 min. Platelet uptake was observed for the tested cancerous 
cells (A549, MCF- 7, and MV3) but not for the non- cancerous cell line 16HBE14o−.
Conclusions: Our results demonstrate that cancer cells hijack platelets by phagocyto-
sis and recycling of platelet membrane proteins. The uptake of platelets has additional 
advantages for cancer cells: access to the entire and undiluted platelet proteome, 
transcriptome, and secretome. These novel findings will allow further mechanistic 
elucidation and thus help us gain deeper insights into platelet- assisted hematogenous 
metastasis.
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1  |  INTRODUC TION

Most cancer deaths are related to metastasis of distant organs via 
dissemination of cancer cells through blood or lymphatic vessels. 
Circulating tumor cells (CTCs) are cancer cells that have shed from 
the primary tumor and entered circulation. These CTCs are exposed 
to immune surveillance and have to attach to the vessel wall to form 
a metastatic lesion.1 It is well accepted that platelets have a pro- 
metastatic function when interacting with CTCs.2 The common view 
of platelet– CTC interaction is an activation of platelets upon contact 
to CTCs (tumor cell- induced platelet- aggregation, TCIPA)3 followed 
by aggregate formation and/or formation of a so- called “platelet 
cloak” around cancer cells.4,5 Platelet cloaks serve as a physical bar-
rier6 to protect cancer cells from immune surveillance7 and facilitate 
the continued adhesion of cancer cells to the vessel wall, extrava-
sation, and metastasis.8 Upon activation, platelets release a multi-
tude of mediators that regulate cancer cell activities, which include 
growth factors, cytokines, matrix metalloproteinases (MMPs), bio-
genic amines, and many others (for a review see Li2). Most of these 
mediators act on cancer cell surface receptors but there is also an 
intercellular transfer of bioactive molecules between platelets and 
cancer cells.

Platelets and cancer cells interact reciprocally.9 In cancer pa-
tients, platelets actively absorb tumor- derived extracellular ves-
icles harboring proteins, RNA molecules, and surface membrane 
proteins. These platelets, called tumor- educated platelets (TEPs),10 
represent a target for liquid biopsies to diagnose several types of 
cancer.11 Conversely, the transfer from platelets to cancer cells 
depends mainly on platelet- derived extracellular vesicles. Platelet- 
derived microparticles (PMPs; vesicles of 0.1– 1 μm) are generated 
from the platelet plasma membrane and released upon activation.12 
PMPs mediate the intercellular transfer of lipids, surface receptors, 
and even enzymes13 but also messenger RNAs (mRNAs), a variety of 
microRNAs (miRNA), and a repertoire of RNA processing proteins.14 
Exosomes, which are also derived from platelets, are spherical frag-
ments (30– 100 nm) that originate from multi- vesicular bodies upon 
platelet activation.15 Platelet- derived exosomes are also carriers for 
proteins and RNA, interacting with target cells by membrane fusion, 
receptor- ligand interaction, or endocytosis by phagocytic mecha-
nism.16 Platelet- derived exosomes and PMPs mediate changes in the 
recipient cell functions by changing the gene expression of cancer 
cells and promote metastasis.17

A transfer of platelet membrane proteins to cancer cells by mem-
brane fusion and transmembraneous integration of these proteins 
was shown for major histocompatibility complex (MHC) class I. This 
rapid utilization of platelet proteins protects cancer cells from im-
mune surveillance immediately after intravasation.18

Among these different strategies platelets unfold their protum-
origenic and prometastatic effects, another way of transfer between 
platelets and cancer cells remains almost unnoticed: the phagocytic 
uptake of platelets.

Phagocytosis of platelets by macrophages,19 neutrophils,20 
and hepatocytes21 in the reticuloendothelial system is a clearance 

mechanism to maintain normal physiological blood platelet counts. 
Phagocytosis is not only used by immune cells but also by “non- 
professional phagocytes” like endothelial cells22 and epithelial 
cells.23,24 Phagocytosis of platelets was shown for human umbil-
ical vein endothelial cells (HUVEC),25 hemangioendothelioma cells 
(EOMA), and mouse brain microvascular endothelial cells.26

In this work we investigated the platelet uptake by cancerous 
and non- cancerous cells and the fate of platelet proteins with CD42a 
(GPIX).

2  |  MATERIAL S AND METHODS

2.1  |  Cell culture

The non- small- cell lung cancer cell line A549 (RRID:CVCL_0023) 
was cultured in DMEM medium (Dulbecco’s modified eagle’s 
medium– high glucose; Sigma- Aldrich), the immortalized lung 
epithelial cell line 16HBE14o− (RRID:CVCL_0112) was grown in 
Eagle’s Minimal Essential Medium (Invitrogen) supplemented with 
2 mM L- glutamine, and the mammary ductal carcinoma cell line 
MCF- 7 (RRID:CVCL_0031) and the amelanotic melanoma cell line 
MV3 (RRID:CVCL_W280) were grown in RPMI 1640 Medium FG 
(1215; Sigma- Aldrich). All culture media were supplemented with 
10% fetal bovine serum (PAA Laboratories), 50 U/mL penicillin, and 
50 µg/mL streptomycin and cultured in an incubator at 37°C and 
5% CO2.

2.2  |  Isolation of human platelets from 
peripheral blood

All blood donors gave their written informed consent in accord-
ance with the Declaration of Helsinki. Venous blood (5 mL) was 
drawn in a citrate S- Monovette (Sarstedt) from healthy vol-
unteers, who did not take any anti- coagulative drug within the 

Essentials

• Cancer cells phagocytose platelets in a dynamin- 
dependent way.

• Cancer cells recycle the platelet protein CD42a to its 
own plasma membrane.

• Fifty percent of the cancer cells are positive for platelet 
fragments after 38 min.

• Platelet uptake was observed for the tested cancerous 
cell lines A549, MCF- 7, and MV3.

• No platelet uptake was observed for the tested non- 
cancerous cell line16HBE14o−.

• Phagocytosis of platelets enables access to their undi-
luted proteome, transcriptome, and secretome.

info:x-wiley/rrid/RRID:CVCL_0023
info:x-wiley/rrid/RRID:CVCL_0112
info:x-wiley/rrid/RRID:CVCL_0031
info:x-wiley/rrid/RRID:CVCL_W280
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previous 2 weeks. Five hundred µL acid- citrate- dextrose buffer 
(39 mM citric acid, 75 mM sodium citrate, 135 mM dextrose, pH 
7.4 ACD- buffer, Sigma- Aldrich) was added (1:10 [v/v]) and cen-
trifuged for 20 min at 270 g. The supernatant of platelet- rich 
plasma (approximately 2 mL) was transferred with a large orifice 
pipette to a 13 mL tube and the same volume of platelet buffer 
(5 mM HEPES; 140 mM NaCl; 4 mM KCl; 1 mM MgCl₂; 1 mM D- 
Glucose; 3.5 g/L bovine serum albumin; 10 mL/L penicillin/strep-
tomycin; and ACD- buffer [1:10, v/v)]) were added. The tube was 
inverted two times and centrifuged at 500 g for 10 min. The su-
pernatant was removed and the pellet was resuspended in 2 mL 
of platelet buffer. Residual erythrocytes in the preparation were 
spun down at 100 g for 5 min. All steps were conducted at room 
temperature.27

Isolated platelets were fluorescently marked with either the flu-
orescein isothiocyanate (FITC)- labeled mouse anti- human CD42a 
antibody (Clone Beb1; BD Biosciences) or the unspecific membrane- 
anchoring fluorophore PKH67 (Green Fluorescent Cell Linker 
[Sigma- Aldrich]) according to manufacturer’s protocols.

2.3  |  Static incubation

Glass bottom FluoroDishes (WPI) were coated with collagen G (calf 
skin collagen G, Biochrom). Cells were grown to confluency and in-
cubated with 400 µL of PKH67-  or anti CD42a- FITC stained platelets 
(~140·106 platelets) for different time intervals in cell culture me-
dium at 37°C (CO2 incubator). Unstained platelets served as con-
trol in all experiments. Immediately after the specified incubation 
time, FluoroDishes were washed three times with PBS+/+ (phosphate 
buffered saline with Ca2+/Mg2+) to remove non- adherent and non- 
interacting platelets. Cells were fixed with 4% paraformaldehyde for 
20 min in darkness at room temperature and washed two times with 
PBS+/+. Plasma membrane of cells was stained with 10 µg/mL wheat 
germ agglutinin- Alexa Fluor 555 conjugate (Invitrogen) and the cell 
nuclei with DAPI.

2.4  |  Dynamic incubation

Cells were detached from the cell culture flask using ethylenediami-
netetraacetic acid (EDTA) buffer (0.53 mM EDTA; 137 mM NaCl, 
2.7 mM KCl, 8 mM Na₂HPO₄, 1.5 mM KH₂PO₄). One hundred twenty 
thousand cells and ~120·106 platelets were added in cell culture me-
dium to non- treated 35 mm dish for suspension cultures (CytoOne®, 
Isogen Life Science) and placed on a tilting table (9 rpm) for differ-
ent time intervals in a CO2 incubator. Immediately after incubation 
cells were centrifuged (100 g, 5 min) to remove non- adherent and 
non- interacting platelets, fixed with paraformaldehyde and stained 
with wheat germ wgglutinin- Alexa Fluor 555 conjugate and DAPI. 
For live- cell staining of CD42a (GP IX), A549 cells were stained with 
primary mouse anti- CD42a (RRID: AB_2538178, Thermo Fisher 

Scientific) and secondary rabbit anti- mouse- Alexa 555 (red) (Abcam 
Inc.) antibodies prior to fixation.

2.5  |  Confocal microscopy

A confocal laser scanning microscope (Leica TCS SP8) equipped with a 
63× oil immersion objective was used to visualize fluorescence signals. 
Parameters for data acquisition (e.g., laser power, pinhole, gain etc.) 
were kept constant for all recordings. Leica Application Suite X (LAS X) 
was used for image recording and processing.

2.6  |  Flow cytometry

Flow cytometry was performed with a Guava easyCyte 5 (Millipore, 
version 2.7) to evaluate platelet internalization by cancer cells and 
surface presentation of CD42a. Approximately 120,000 fixated 
cells were suspended in buffer and analyzed. Cells incubated with 
unstained platelets served as control. Flow cytometry data were 
analyzed using FlowJo (FlowJo LLC).

2.7  |  Inhibition of phagocytosis

The highly potent dynamin inhibitor Dyngo4a ([30 µM], Abcam) was 
used to test if platelet uptake is a dynamin- dependent process. A549 
cells were incubated with Dyngo4a for 30 min before PKH67- stained 
platelets were added for different time periods (60 and 90 min) at 
37°C (CO2 incubator).

2.8  |  Statistical analyses

Comparisons between two groups were performed with the 
Mann- Whitney U- test. A P- value <0.01 was considered statisti-
cally significant. All analyses were performed in GraphPad Prism 
(RRID:SCR_002798) or Origin (RRID:SCR_014212). All experiments 
were performed with three or four biological replicates. For fluores-
cence activated cell sorting (FACS) analysis gated data were pooled 
and normalized for histogram presentation. The number of analyzed 
cells ranges from 101,308 to 218,329.

3  |  RESULTS

We used two approaches to study platelet– cancer cell interactions: 
incubation of adherent cells (static) and cells in suspension on a tilt-
ing table (dynamic) with freshly isolated and stained platelets. The 
dynamic incubation reflects more the situation of CTCs in circulation 
(cells in suspension with some shear forces), albeit it is clearly not a 
laminar flow condition.

info:x-wiley/rrid/RRID: AB_2538178
info:x-wiley/rrid/RRID:SCR_002798
info:x-wiley/rrid/RRID:SCR_014212
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3.1  |  Appearance of CD42a and platelet membrane 
in cancer cells

In contrast to the common view of formation of platelets, cloaks or 
cancer cell- - platelet aggregates were not observed in our experi-
ments. Instead, all experiments showed an uptake of platelets by 
cancer cells. Immunostaining of the platelet- specific protein CD42a 
(GPIX) prior to incubation with A549 cancer cells led to an appear-
ance of CD42a fluorescence inside of A549 cancer cells. Fluorescent 
particles show a mainly perinuclear distribution in A549 cancer cells 
after 90 min of incubation under static (Figure 1A) and dynamic 
(Figure 1B) conditions.

To verify the platelet uptake, plasma membrane of platelets 
was fluorescently labeled with PKH67, a membrane anchored flu-
orophore with negligible cell- - cell transfer, prior to incubation with 
A549 cancer cells. Confocal laser scanning microscopy (CLSM) re-
vealed fluorescent particle inside A549 cytosol (Figure 2A [static], 
2B [dynamic]).

Frequently, penetration of the A549 membrane by individual 
platelets, tube formation, and invaginations were observed indicat-
ing the uptake of whole platelets followed by fragmentation. Four 
representative CLSM cross sections of 30 min static incubation 
(Figure 3A- D) and a 3D presentation of 30 min dynamic incubation 
(Movie S1) illustrate this process. It was shown that phagocytosis of 
large structures is accompanied by formation of plasma membrane 
invaginations (surface- connected compartments [SCCs]) in macro-
phages28 and in A549 cells,29 which is in line with our observation. 
Visualization of platelets penetrating the plasma membrane of A549 
indicated a phagocytic uptake mechanism.

We used Dyngo4a, a highly potent inhibitor for Dynamin- 1 and 
Dynamin- 2 to test this pathway. Dynamin- 2 is a key enzyme for 
phagocytosis because its inhibition impairs phagocytic cup forma-
tion.30 A549 cells were incubated with 30 µM Dyngo4a for 30 min 

before PKH67- stained platelets were added and Dyngo4a (30 µM) 
was present during incubation. No uptake of platelets was observed 
after 30, 60, and 90 min incubation under static and dynamic con-
dition (Figure 4). Aggregometric tests revealed that platelet activa-
tion was not impaired by 30 µM Dyngo4a (Figure S2 in supporting 
information).

3.2  |  Time course of platelet uptake

The time course of platelet uptake was analyzed with flow cytom-
etry and revealed an increase of PKH67 fluorescence intensity of 
A549 cells upon incubation with PKH67- stained platelets for 10, 20, 
60, 90 min, and 24 h (Figure 2C). Incubation with unstained plate-
lets served as control. CLSM scans of the flow cytometry samples 
proved that there was no platelet attached to A549 cells. A sigmoidal 
fit revealed that A549 cells show the half maximal PKH67 fluores-
cence after 38 min and nearly all cells are positive for PKH67 after 
110 min (Figure 2D).

Live- cell staining of the platelet- specific protein CD42a on 
the surface of A549 cells directly after dynamic incubation with 
PKH67- stained platelets for 90 min revealed the presence of the 
platelet- specific protein CD42a on the membrane of the A549 
cancer cell (Figure 5A). CD42a staining of untreated A549 cells 
proved that native A549 cells do not express CD42a, nor in the 
plasma membrane (Figure S1) neither in the cytosol (Figure S3). 
Flow cytometry was used to analyze the CD42a expression on the 
membrane of A549 cells after 30, 60, and 90 min incubation with 
PKH67- stained platelets (Figure 5B). Histograms revealed an in-
crease of CD42a- positive cells over this time period (Figure 5C). 
CLSM scans of the flow cytometry samples proved that there 
was no platelet attached to A549 cells. It is noteworthy that after 
90 min of incubation about 45% of A549 cells exhibited CD42a 

F I G U R E  1  Appearance of CD42a in the cytosol of A549 cells confocal laser scanning microscopy scan of A549 cells after 90 min of 
incubation with CD42a- stained platelets (green) under static (A) and dynamic (B) conditions. Cell membrane in (A) was visualized using 
WGA- Alexa 555 (red) and cell nuclei with DAPI (blue). A: scale bar x/y: 50 μm scale bar z: 10 μm, B: scale bar 50 μm

A B
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fluorescence (Figure 5C) whereas nearly all cells were positive for 
PKH67 fluorescence (Figure 2D).

3.3  |  Platelet uptake by different cell lines

To compare the uptake of platelets between cancerous and non- 
cancerous lung epithelial cells we used the SV40 large T- antigen 
transformed, lung epithelial cell line 16HBE14o−.31 Incubation 
with PKH67- stained platelets for 1 h revealed an uptake of plate-
lets in cancerous lung epithelial cells A549 but not in immortal-
ized cells 16HBE14o− (Figure 6). There was no platelet uptake but 
activated platelets were found spread on the membrane of non- 
cancerous 16HBE14o− (Figure 6B). However, phagocytosis did not 
occur. An interesting feature in Figure 6A is the clear membrane 
staining in A549. Obviously, platelet membrane fragments are 
also recycled by A549 cells. Because membrane staining was not 
visible in 16HBE14o− cells, a cell- cell transfer of PKH67 can be 
excluded.

To test if the observations made with A549 cells are unique to 
this cell line or if this represents a characteristic for cancer cells, 
the highly metastatic human melanoma cell line MV332 and breast 
cancer cell line MCF- 733 were incubated with PKH67- stained 
platelets under dynamic conditions. CLSM revealed an uptake of 
PKH67- stained platelet particles in MV3 (Figure 7A) and MCF- 7 
(Figure 7B) cells after 90 min of incubation with PKH67- stained 
platelets. Flow cytometry revealed an increase of PKH67 fluores-
cence intensity for MV3 (Figure 7C) and MCF- 7 cells (Figure 7D). 
The histograms indicate a higher uptake rate for MV3 compared 
to MCF- 7.

4  |  DISCUSSION

The interactions of platelets and cancer cells are widely under 
investigation and have been subject to controversy in the liter-
ature. It has been discussed that platelets and the activation of 
platelets might play different roles in different cancers in terms 

F I G U R E  2  Uptake of PKH67- stained platelets in A549 cells confocal laser scanning microscopy scan of A549 cells after 90 min of 
incubation with PKH67- stained platelets (green) under static (A) and dynamic (B) conditions. Cell membrane was visualized using WGA- Alexa 
555 (red). A: Scale bar x/y: 50 μm; z: 10 μm; B: Scale bar 50 μm. Flow cytometry analysis (A) and time- response relationship (B) of the uptake 
of PKH67- stained platelets under dynamic conditions. Histograms (C) show PKH67 fluorescence intensity from A549 cells without (gray) and 
with incubation of PKH67 stained platelets for 10, 20, 60, 90 min, and 12 h (from bright to dark green). D, The increase of A549 cells positive 
for PKH67, shown in a semilogarithmic scale. A dose- response fit (Levenberg- Marquardt minimization method with variable Hill slope) 
revealed that 50% of the A549 cells are positive for PKH67 fluorescence after 38 min

A B

C D
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of tumor growth and metastasis.34 However, extensive and pre-
cise protocols of platelet isolation and handling are rare in these 
papers. Because our observations are different from what is usu-
ally described, details of platelet isolation and handling are given 
as supporting information (Appendix S1). The cancer cell- - platelet 
interaction we observed is clearly different from the generally ac-
cepted concept of an aggregate or cloak formation. Minutes after 
incubation of cancer cells with fluorescently labeled platelets, the 

fluorescence signal appeared in the cytosol and plasma membrane 
of cancer cells. This was shown with labeling the platelet- specific 
protein CD42a using anti- CD42a- FITC antibodies or the platelet 
membrane with the membrane- anchoring fluorophore PKH67. 
Platelets release PMPs in vivo under physiological conditions and 
upon activation. PMPs are 0.1– 1- μm fragments and known for 
their protumorigenic and prometastatic functions.12 Therefore, 
PMPs may contribute to the accumulation of platelet fragments 
in cancer cells.

4.1  |  Phagocytotic uptake of platelets by 
cancer cells

In experiments with PKH67- stained platelets frequently whole 
platelets penetrating the plasma membrane of A549 were ob-
served (Figure 3 and Movie S1). From this observation it is un-
likely that the appearance of intracellular platelet membrane 
fragments is exclusively attributed to PMPs. Visualization of 
platelets penetrating the plasma membrane of cancer cells indi-
cated a phagocytic uptake mechanism. Phagocytosis is the uptake 
pathway for larger particles (300 nm to several µm).35 Not only 
specialized cells, like macrophages, but also many other cells are 
capable of phagocytosis, although to a lesser extent. Also some 
epithelial cells use phagocytosis for apoptotic cell clearance23 
and regulation of inflammation.24 We used Dyngo4a, a highly po-
tent inhibitor for Dynamin- 1 and Dynamin- 2 to test this pathway. 
Dynamin- 2 is a key enzyme for phagocytosis because its inhibition 
impairs phagocytic cup formation.30 Although the mechanism of 
platelet uptake in A549 cancer cells remains unsolved, it turns out 
that this process is strictly dynamin dependent. This is in good 
correlation with the observation that the uptake of nanoconju-
gates and polymeric nanoparticles by cancer cells depends on 
dynamin function.36,37 It is noteworthy that Dynamin- 2 expres-
sion level correlates with tumor invasion, metastasis, poor prog-
nosis, and mortality in several types of cancer.38 Phagocytosis 
of platelets by phagocytes in the reticuloendothelial system is 
a clearance mechanism to maintain normal physiological blood 
platelet counts. Known platelet clearance mechanisms include 
Fc receptor–  mediated and Fc receptor– independent phago-
cytosis.39 To maintain platelets in circulation platelets express 
CD47 on their surface, which prevents phagocytosis by mac-
rophages. CD47 is recognized by the SIRPα transmembrane pro-
tein on phagocytes and transmits anti- phagocytic signals.40 One 
Fc receptor– independent pathway is the enhanced exposure 
of phosphatidylserine to the surface of activated platelets,41,42 
which is recognized by phosphatidylserine receptors on phago-
cytes like TIM- 4 (T- cell immunoglobulin-  and mucin- domain- 
containing molecule 4) and others.43 It was shown that TIM- 4 is 
expressed in non- small cell lung cancer cells and negatively cor-
related with survival of patients.44 This Fc receptor– independent 
phagocytosis was shown by the uptake of gold particles coated 
with negatively charged lipids by A549 cells.45,46

F I G U R E  3  Membrane invaginations of PKH67- stained platelets 
in A549 cells visualized by CLSM of four representative A549 cells 
(A- D) after 30 min of incubation with PKH67- stained platelets 
(green) under static conditions. Images show orthogonal sections 
of 3D representations. Cell membrane was stained with WGAAlexa 
555 (red). Scale bar x: 10 μm; z: 5 μm

A

B

C D

F I G U R E  4  Dynamin inhibition blocks platelet uptake in A549 
cells confocal laser scanning microscopy image of A549 cells in 
presence of Dyngo4a after 60 min of incubation with PKH67- 
stained platelets (green) under static conditions revealed that 
platelet uptake is impaired by Dyngo4a (30 μm). Nuclei are stained 
with DAPI (blue). Images are shown as max. Z- projection, scale bar: 
50 μm
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A support of our findings about the platelet uptake by cancer cells 
was published by Sarkar et al.47 They loaded platelets with the cy-
tostatic drug doxorubicin, added them to A549 cells, and observed 
cytotoxic response that killed the A549 cells.47 This was interpreted by 
a release of the drug in close proximity to the cancer cell upon platelet 

activation due to the platelet- cancer cell contact. In a later study with 
drug- loaded PMPs they refined their interpretation to: drug- loaded 
platelets secrete drug- loaded PMPs upon activation followed by an 
uptake of these PMPs.48 Our findings will allow an additional interpre-
tation, namely that not only drug- loaded PMPs but also drug- loaded 
whole platelets were phagocytosed by A549 cells and the drug was 
released inside. A strategy of targeted drug delivery to cancer cells is 
the coating of drug- loaded nanoparticles with platelet membrane.49– 51 
These platelet- mimicking nanovehicles show a greater cellular uptake 
in MDA- MB- 231 breast cancer cells and further elicit higher cytotox-
icity compared to uncoated nanovehicles.51 This effect also could be 
explained in accordance with our findings.

4.2  |  Phagocytotic recycling

An interesting feature in Figure 6A is the clear membrane staining in 
A549 cells. A cell- cell transfer of PKH67 can be excluded because no 
membrane staining was visible in 16HBE14o− cells. It is conceivable 
that platelet membrane was recycled by the cancerous cells upon 
phagocytosis and incorporated into their own plasma membrane. A 
potential recycling of platelet proteins was tested by live- cell staining 
of CD42a on the surface of A549 cells after incubation with PKH67- 
stained platelets for 30, 60, and 90 min (Figure 5A). FACS analysis 
revealed an increase of CD42a expression in the membrane of A549 
cells over time (Figure 5B and C). The increase of CD42a fluorescence 
intensity was largest between 30 and 60 min but only small between 
60 and 90 min. This correlates with the time course of platelet uptake 
measured with PKH67 (Figure 2D). Localization of PKH67 fluores-
cence is assumed intracellularly (Figures 2,3 and Movie S1) whereas 
CD42a has been found intracellularly (Figure 1A) and extracellularly 
(Figure 5A). Surprisingly, Figure 6A shows a clear membrane localiza-
tion of PKH67 fluorescence in A549 cells. Obviously, platelet mem-
brane fragments are also recycled by A549 cells. Because membrane 
staining was not visible in 16HBE14o− cells, a cell- cell transfer of 
PKH67 can be excluded. It seems to be that membrane location of 
PKH67 correlates with the uptake of PKH67- stained platelets. In 
Figure 5A two cells with the highest intracellular PKH67 signal show 
a membrane staining (left side, middle and bottom). Cells in Figure 6A 
show generally a very high level of PKH67 fluorescence indicating a 
high level of platelet uptake. Here, membrane localization of PKH67 
is clearly visible.

F I G U R E  5  Time- dependent appearance of CD42a in A549 
plasma membrane. A, Maximum Z- projection of a confocal laser 
scanning microscopy scan of A549 cells after 90 min of incubation 
with PKH67- stained platelets (green) under dynamic condition 
followed by live- cell staining against CD42a (GPIX) using mouse 
anti- CD42a and anti- mouse- Alexa 555 (red) antibodies. Scale 
bar: 20 μm. B, Histograms of flow cytometry data of A549 cells 
incubated with unstained platelets (red) and after 30 (blue), 60 
(brown), and 90 (green) min of incubation with CD42a stained 
platelets. C, Time- response relationship of CD42a appearance on 
A549 cell membrane. Data follow an exponential decay fit (red line)

A

B

C
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Obviously, the platelet- specific protein CD42a appears in the 
plasma membrane of A549 cells upon contact with platelets, likely 
a result of a phagocytic recycling process.52 The phagosomal cargo 

is usually subjected to degradation in lysosomes but could also be 
recycled. Phagocytic recycling follows phagosome formation to re-
cycle plasma membrane and phagocytized proteins by formation 

F I G U R E  6  Comparison of platelet uptake between cancerous and non- cancerous cells. Incubation with PKH67- stained platelets (green) 
for 1 h revealed platelet uptake and PKH67 membrane staining in A549 cells (A) but not in 16HBE14o− cells (B). Nuclei are stained with 
DAPI (blue). Images are shown as max. Z- projection, scale bar: 50 μm

A B

F I G U R E  7  Uptake of PKH67- stained platelets in MV3 and MCF- 7 cancerous cells. Incubation with PKH67- stained platelets (green) for 
90 min under dynamic conditions revealed platelet uptake in MV3 (A) and MCF- 7 (B). Nuclei were stained with DAPI (blue). Images are 
shown as max. Z- projection, scale bar: 50 μm. Flow cytometry analysis showed PKH67 fluorescence intensity from MV3 cells (C) and MCF- 7 
cells (D) without (gray) and with incubation of PKH67- stained platelets for 30 min (bright green) and 90 min (dark green)

A B

C D
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of recycling endosomes and/or via the secretory pathway after 
retrograde transport from the phagosome to the TGN (for a com-
prehensive review see Levin et al.52). It is likely that cancer cells 
use this pathway to utilize platelet proteins to, for example, adhere 
to the vessel wall. CD42a (GPIX) is a part of the von Willebrand 
factor (VWF) binding complex (GPIb- IX- V complex). It was shown 
that cancer cells activate endothelial cells (EC) whereupon EC 
release highly procoagulatory VWF.53 Tumor cell- - induced ultra- 
large VWF fibers are the preferred target for platelet binding54 
and VWF mediates the adherence of circulating cancer cells to the 
endothelium55 via the VWF binding complex. It is noteworthy that 
several types of cancer are associated with a high plasma level of 
VWF, for example, prostate cancer, cervical and ovarian carcinoma, 
head and neck cancer, and colorectal cancer and often correlates 
with a poor prognosis.56 Although we show the appearance of only 
one component of the VWF binding complex in the membrane of 
A549 cancer cells (CD42a) it is likely that the whole VWF binding 
complex is recycled: (1) only complete complexes were expressed 
on the platelet membrane and (2) the absence of one component 
led to rapid degradation of the VWF binding complex.57 The GPIb- 
IX- V complex is also a ligand for endothelial P- selectin,58 which 
is upregulated upon endothelial activation.59 It is well known that 
shear force is important for normal platelet activation.60 We have 
to state that a limitation of this work is the lack of controlled shear 
stress. Even though we can assume shear forces in the dynamic 
incubations, it is unlikely that these shear forces met the criteria of 
shear forces in the bloodstream. However, most published papers 
about platelet- - cancer cell interactions did not apply defined shear 
stress and shear rates during the incubation of cancer cells with 
platelets.

The appearance of platelet- specific proteins on the surface of 
cancer cells was described for MHC class I.18 This was explained by 
a transfer of platelet proteins to cancer cells by membrane fusion 
and transmembraneous integration of these proteins. Obviously, 
cancer cells use different mechanisms to acquire platelet proteins. 
Integration of MHC I is important to escape immune surveillance 
and needs to occur immediately after the cancer cell enters the 
blood vessel. CD42a exposure is needed for tethering and arrest to 
the vessel wall and not as time critical as MHC I.

Beside the acquisition of MHC I and CD42a, the uptake of 
platelets has additional advantages for cancer cells. Platelets con-
tain a diverse transcriptome containing about 9500 mRNAs, a va-
riety of miRNAs, and a repertoire of RNA processing proteins.14 It 
was shown that these RNAs significantly change protein expres-
sion and signaling pathways related to survival and proliferation in 
cancer cells after coincubation with platelets.61 An example is miR- 
223, which is delivered by platelet- derived particles and was found 
to promote A549 cell invasion via targeting of tumor suppressor 
EPB41L3.62 There is also evidence that cancer cells can exhibit a 
“platelet mimicry,” by expressing platelet- specific proteins such as 
GPIIb- IIIa, protease- activated receptors (PARs), and platelet endo-
thelial cell adhesion molecule 1 (PECAM1).63 It is generally assumed 

that the transfer of RNA is mediated by PMPs14 and exosomes.5 Our 
results complement this aspect by uptake of whole platelets as an-
other way of RNA transfer.

4.3  |  Platelet uptake by different cell lines

The results obtained with A549 cells leads to the question if the 
uptake of platelets is specific for A549 cells or a more general 
mechanism by which cancer cells hijack the service of platelets. 
In a first step toward an answer we used the melanoma- derived 
highly metastatic cell line MV3;32 the mammary ductal carcinoma 
cell line MCF- 7;33 and the non- cancerous, SV40 large T- antigen 
transformed, lung epithelial cell line (16HBE14o−).31 Incubation 
with PKH67- stained platelets for 1 h revealed an uptake of 
platelets in all cancer cell lines (Figure 6A and 7) but not in the 
non- cancerous 16HBE14o− cells (Figure 6B). No platelet uptake 
but activated platelets were found spread on the membrane of 
16HBE14o− (Figure 6B). This indicated that platelets show an ini-
tial but not a full activation64 upon contact with 16HBE14o− cells. 
However, phagocytosis did not occur. In general, platelet activa-
tion is a term to describe the multi- step behavior of platelets upon 
agonist stimulation. This includes shape change, exposure of ami-
nophospholipids, secretion of granules, microparticle formation, 
and aggregation. Here, platelet shape change is visible indicating 
at least partially activated platelets. The appearance of spread- out 
platelets on A549 cells (Figure 4) indicates that (partial) activation 
of platelets occurs also on cancerous cells. These results show that 
platelet uptake is not a specific characteristic of A549 cells but it 
can be assumed as a property of cancerous cells. Platelet uptake 
studies with several cancerous and non- cancerous cells are neces-
sary to test this assumption.

Together, this work revealed that (1) A549 cancer cells phago-
cytose platelets and utilize platelet proteins through phagocytic 
recycling to their cell surface. This was shown for CD42a, a constit-
uent of the VWF binding complex. (2) Platelet uptake was shown 
for cancerous lung epithelial cells (A549) whereas non- cancerous 
lung epithelial cells (16HBE14o−) show no platelet uptake. (3) All 
cancer cell lines tested in this work show a platelet uptake. Beside 
the utilization of CD42a, the uptake of platelets has additional ad-
vantages for cancer cells: Access to the entire platelet content, in-
cluding their complete and undiluted proteome,65 transcriptome,66 
and secretome.67 It is likely that the cancer cells exploit all these 
constituents of the platelet to promote its survival and metastatic 
potential. Up to now platelet- derived microparticles and exosomes 
were suspected to mediate changes in the tumor cell and promote 
metastasis. This would allow cancer cells to exploit most of the 
platelets’ contents but phagocytosis of whole platelets increases 
the amount and uptake rate of platelets’ proteome, transcriptome, 
and secretome.

This new aspect of platelet- cancer cell interaction shown in this 
work has various consequences for therapy and diagnosis.
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4.3.1  |  Testing antiplatelet drugs

Inhibiting the tumor- - platelet cross- talk is a promising tumor treat-
ment strategy and antiplatelet therapy has become a standard in-
tervention of cancer in the past.68 Nevertheless, there is a need for 
more effective and non- toxic antiplatelet agents that will not in-
crease bleeding risk.69 Our approach represents a simple and reliable 
model to test the efficiency of antiplatelet drugs to inhibit platelet- 
tumor cell interaction. In addition, this platelet uptake assay could 
be easily automated.

4.3.2  |  Platelet- based drug delivery systems

The observation of platelet uptake by cancer cells could spur the de-
velopment of new platelet- based tumor- targeted drug delivery sys-
tems. Using platelets as tumor- targeted drug delivery is of increasing 
importance in antitumor therapy (reviewed in Du et al.70) because 
drug- loaded platelets reduce systemic toxicity, and enhance target-
ing and the penetrability of drugs to tumor cells. Our findings com-
plement existing knowledge and may help to optimize strategies for 
further platelet- based drug delivery systems not only for classical 
chemotherapy agents but also for the new generation of RNA- based 
anti- cancer drugs.

4.3.3  |  Diagnosis

Discovery of tumor- educated platelets (TEPs) increased the knowl-
edge about metastasis and led to a series of new diagnostic ap-
proaches.71 In analogy to TEPs cancer cells that have ingested 
platelets could be named platelet- educated tumor cells (PETCs). 
We observed the difference in platelet uptake between healthy and 
cancerous lung epithelial cells (Figure 6). Potentially, these PETCs 
could allow determining the metastatic potential of a tumor cell by 
its platelet uptake rate. However, platelet uptake studies with low-  
and high metastatic cell types from the same origin are necessary to 
shed light on this idea.

5  |  CONCLUSION

The phagocytic uptake of platelets by cancer cells and recycling of 
CD42a shown in this work reveals a novel aspect of platelet- - cancer 
cell interactions by which platelets unfold their protumorigenic and 
prometastatic effects.

These new insights in platelet- cancer cell interactions will allow 
further mechanistic elucidation of platelet- assisted metastasis and 
thus may contribute to the optimization of cancer therapies.
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