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Abstract
Platelets, key players in haemostasis, are progressively investigated with respect to their role in immunity and inflammation. 
Although the platelet support to haematogenous cancer cell metastasis has been the subject of multiple studies, their impact 
on anti-cancer immunity remains unaddressed. Here, we investigated the immunomodulatory potential of platelets upon their 
activation by MDA-MB-231 breast cancer cells in various in vitro approaches. We provide evidence that platelets as well as 
their tumour cell-induced releasates increased the ratio of regulatory T cells, shaping an immunosuppressive phenotype in 
isolated  CD4+ cultures. The influence on  CD8+ T cells was assessed by detecting the expression of activation markers CD25/
CD69 and release of cytolytic and pro-inflammatory proteins. Notably, the platelet preparations differentially influenced 
 CD8+ T cell activation, while platelets were found to inhibit the activation of  CD8+ T cells, platelet releasates, in contrast, 
supported their activation. Furthermore, the NK cell cytolytic activity was attenuated by platelet releasates. Low molecular 
weight heparin (LMWH), the guideline-based anticoagulant for cancer-associated thrombotic events, is known to interfere 
with tumour cell-induced platelet activation. Thus, we aimed to investigate whether, unfractionated heparin, LMWH or 
novel synthetic heparin mimetics can also reverse the immunosuppressive platelet effects. The releasate-mediated alteration 
in immune cell activity was efficiently abrogated by heparin, while the synthetic heparin mimetics partly outperformed the 
commercial heparin derivatives. This is the first report on the effects of heparin on rebalancing immunosuppression in an 
oncological context emerging as a novel aspect in heparin anti-tumour activities.
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Abbreviations
AA  Acrylic acid
plts  Platelets
rel.  Platelet releasates
SPA  Potassium-3-sulfopropyl acrylate
SSS  Sodium 4-styrenesulfonate

Introduction

With an estimated 10 million lethal outcomes in 2020, 
cancer is considered worldwide as a major cause of death, 
especially in Northern America and Europe, where it 
surpassed the cardiovascular diseases and ranks in the 
first place [1, 2]. In fact, about 60% of cancer deaths do 
not arise from primary tumours, but are associated with 
the development of metastases [3]. To form metastases, 
tumour cells invade the blood circulation and are dissemi-
nated to distant organs. On their way, circulating tumour 
cells are exposed to a hostile environment and, e.g., have 
to cope with the attack of immune cells. Thus, not only 
during haematogenous passage, evasion of host immuno-
surveillance is crucial for tumour survival and progression 
[4]. As the first cells encountered by cancer cells after 
entering the blood system, platelets are considered to sup-
port tumour cell survival during haematogenous metasta-
sis. Upon activation by cancer cells, they form a protective 
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cloak around the cancer cell, shielding them from shear 
forces or immunosurveillance by NK cells and supporting 
adhesion and subsequent extravasation of disseminating 
cancer cells [5–8].

Besides their crucial role in haemostasis, platelets are 
progressively considered as immune-competent cells partici-
pating in inflammation and immunity. Platelets were shown 
to directly contribute to anti-viral and anti-bacterial immu-
nity by release of microbicidal factors, pathogen engulfment 
or aggregate formation [9–11]. In particular, by interaction 
with lymphocytes platelets are capable of affecting their 
immunological functions. For instance, platelets stimulated 
immunoglobulin production of B cells in co-culture experi-
ments and support T cell activation and recruitment to the 
site of inflammation [12–15]. Recently, Rossiant and col-
leagues showed the adaptable role of platelets in onset and 
resolution of pulmonary inflammation by modulation of neu-
trophils, regulatory T cells (Tregs), and macrophages [16].

However, the multifaceted role of platelets in cancer 
immunity is not yet fully elucidated. Regarding the cellular 
level, natural killer cells (NK cells) and cytotoxic T lym-
phocytes identify and neutralize cancer cells efficiently and 
are at the frontline in the immune response against cancer 
cells. Together with  CD4+ T cells, they can be functionally 
impaired by cancer cells themselves or the composition of 
the tumour microenvironment with strong contribution of 
adjacent platelets [17, 18].

Reasoned by the elevated incidence, low molecular 
weight heparins (LMWH) are the guideline based drug 
for prevention and therapy of venous thromboembolism 
in cancer patients [19]. Since some clinical trials observed 
additional survival benefits for LMWH treated patient sub-
groups, while others did not, there is an ongoing debate 
whether LMWH exerts anti-metastatic effects beside its 
anticoagulant properties [20–22]. Thus, several metastasis-
related targets of heparin have been postulated and are cur-
rently in debate [23]. Although the interference of heparins 
in platelet activation as crucial steps of the metastatic cas-
cade appears likely [24, 25], its impact on immunomodulat-
ing platelet activities remains elusive.

Recently, we showed that synthetic heparin mimicking 
polymers consisting of sodium 4-styrenesulfonate (SSS), 
potassium-3-sulfopropyl acrylate (SPA) and acrylic acid 
(AA) monomers kept up and even outmatched commercial 
heparins in interfering in the metastasis-associated plate-
let–tumour cell interaction [25]. Here, we focus on the 
immunomodulatory function of platelets with regard to Treg 
cell differentiation,  CD8+ T cell activity as well as NK cell 
cytolytic activity in a tumour cell context. We show that 
heparins and heparin mimetics are able to block the plate-
let supernatant mediated Treg differentiation. Additionally, 
heparin mimetics reduced platelet-induced  CD8+ T cell acti-
vation. Thus, our data reveal a novel immunological function 

of heparin in the platelet tumour cell communication, which 
warrants further investigations.

Materials and methods

Cell isolation

Buffy coats from healthy donors were obtained from the 
Institute for Experimental Hematology and Transfusion 
Medicine, University of Bonn, Medical Centre. PBMCs 
were isolated from buffy coats by density gradient cen-
trifugation using  Histopaque®-1077 (Sigma-Aldrich, Stein-
heim, Germany). Human  CD4+ T cells and  CD8+ T cells 
were extracted from buffy coats by positive selection using 
the StraightFrom Buffy Coat CD4 MicroBead Kit and the 
StraightFrom Buffy Coat CD8 MicroBead Kit (Miltenyi Bio-
tec, Bergisch Gladbach, Germany), respectively.

Platelet preparations

Platelet-rich plasma (PRP) from healthy donors was 
obtained from the Institute for Experimental Hematology 
and Transfusion Medicine, University of Bonn, Medi-
cal Centre. Platelets were centrifuged at 670 × g and RT 
for 10 min. The platelet pellet was resuspended in platelet 
buffer (10 mM HEPES, 140 mM NaCl, 3 mM KCl, 0.5 mM 
 MgCl2, 5 mM  NaHCO3, and 10 mM glucose) at a final con-
centration of 1.25 ×  109 plts/mL. The platelet suspension was 
supplemented with a final concentration of 1 mM  Ca2+ and 
0.5% plasma. This suspension was used in experiments or 
was further processed to platelet releasates. Platelet releas-
ates were obtained by co-incubation of 1.25 ×  109 plts/mL 
with 3.125 ×  104 MDA-MB-231 breast cancer cells (ratio 
40.000:1). After an activation time of 20 min, the platelet/
cancer cell aggregates were removed by centrifugation at 
10,000 × g, 4 °C for 10 min. Supernatants were collected and 
used as platelet releasates in the performed assays. In some 
cases, platelets were incubated with the indicated concentra-
tions of the tested compounds for 30 min prior to activation. 
For this, platelets were treated with commercially available 
anticoagulants, unfractionated heparin (UFH) (Ratiop-
harm GmbH, Ulm, Germany), enoxaparin (Sanofi-Aventis 
Deutschland GmbH, Frankfurt, Germany), and fondaparinux 
(Aspen Pharma Trading Ltd, Dublin, Ireland) at adopted 
therapeutic concentrations of 3.125 U/mL, 3.125 U/mL, and 
2.422 µg/mL, respectively. The heparin mimetics were inves-
tigated at final concentrations of 156.25 µg/mL.

Cell culture

Human breast  cancer cell  l ine MDA-MB-231 
(RRID:CVCL_0062, ATCC) was maintained in 
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high-glucose Dulbecco’s Modified Eagle’s Medium 
(DMEM) supplemented with 10% FCS, 2 mM l-glutamine, 
1 mM sodium pyruvate, 100 U/mL penicillin, and 100 µg/
mL streptomycin (all from PAN Biotech, Aidenbach, Ger-
many). Human PBMC,  CD4+ T cells,  CD8+ T cells, and 
K562 (RRID:CVCL_0004; ATCC) were cultured in RPMI-
1640 medium supplemented with 10% FCS, 100 U/mL peni-
cillin, and 100 µg/mL streptomycin (all from PAN Biotech).

IL‑10 ELISA

PBMCs were activated by stimulating antibody cocktail 
ImmunoCult™ Human CD3/CD28/CD2 T Cell Activa-
tor (Stemcell Technologies Inc., Vancouver, Canada) and 
100 U/mL IL-2. 1.25 ×  106 PBMC/mL were spiked with 
3.125 ×  108 plts/mL or the corresponding releasate on days 1 
and 3, respectively. Cell culture supernatants were collected 
on day 5 and centrifuged at 6000 × g at 4 °C for 10 min to 
remove residual cells. Samples were investigated for their 
IL-10 levels applying the Human IL-10 Mini ABTS ELISA 
Development Kit (PeproTech Inc, Rocky Hill, NJ, the USA).

Treg differentiation

CD4+ T cells were stimulated by ImmunoCult™ Human 
CD3/CD28/CD2 T Cell Activator at day 1. At days 1 and 3, 
platelets were added to  CD4+ cells (6.25 ×  107 plts/mL and 
2.5 ×  105  CD4+/mL), or the corresponding platelet releas-
ate was used. Cells were collected at day 5 and investigated 
for CD25 and FoxP3 expression. Cells were washed once 
with staining buffer (1% BSA, 0.01%  NaN3 in DPBS). To 
avoid unspecific binding, cells were blocked for 15 min with 
3% BSA in DPBS. Anti-CD25 antibody (PerCP/Cyanine5.5 
anti-human CD25 antibody, RRID:AB_2125478, BioLeg-
end Inc, San Diego, CA, USA) was added and incubated 
for 30 min in the dark. Subsequently, cells were washed 
once with staining buffer and fixed in 150 µL fixation buffer 
(3% PFA, 0.1% saponin, and 0.5% Tween-20 in DPBS) for 
30 min at 4 °C. Samples were washed once with permea-
bilization buffer (0.5% saponin, 0.5% Tween-20 in staining 
buffer). Next, cells were permeabilized in 75 µL permea-
bilization buffer for 30 min at 4 °C. Samples were spiked 
with anti-FoxP3 antibody (FITC anti-human FoxP3 anti-
body, RRID:AB_439752, BioLegend Inc.) diluted in 25 µL 
permeabilization buffer. After an incubation of 30 min at 
4 °C, cells were washed twice with permeabilization buffer 
and finally resuspended in staining buffer. Samples were 
acquired using the  Guava® easyCyte HT 11 Flow Cytometer 
(Luminex Corporation, Austin, TX, the USA). Fluorescence 
Minus One (FMO) controls were conducted to set up the 
applied gates. Anti-mouse Igκ  MACS® Comp beads (Milte-
nyi Biotec) were used for compensation of fluorescence 
labelled antibodies. Data were evaluated using FlowJo™ 

v10.5.3 Software (RRID:SCR_008520, BD Life Sciences, 
Franklin Lakes, NJ, the USA). Applied gating is depicted in 
supplementary Fig. 1.

CD8+ T cell activity

Human  CD8+ T cells (2.5 ×  105 /mL) were stimulated at 
day 1 by ImmunoCult™ Human CD3/CD28/CD2 T Cell 
Activator and were spiked with 6.25 ×  107 platelets per 
mL or the corresponding platelet releasate at days 1 and 
3. Cells were collected at day 5 and washed once with 
DPBS. Following,  CD8+ T cells were stained for viabil-
ity using Zombie Aqua™ (BioLegend Inc.). After 20 min 
incubation at RT, the staining was quenched with staining 
buffer. Subsequently, cells were centrifuged, resuspended 

Fig. 1  IL-10 release from human PBMCs upon activation (Stim. 
Abs.) and co-culture with a platelets (plts), or b platelet releasates 
(rel.). Data represent mean ± SD (n = 3) with n.d.: not detectable, ns: 
not significant, **: p < 0.01 and ***: p < 0.001, respectively
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and incubated for 15 min in a 3% BSA solution to block 
unspecific binding. After blocking, cells were stained with 
Pacific Blue anti-human CD8a antibody (RRID:AB_159443, 
BioLegend Inc.), PerCP/Cyanine5.5 anti-human CD25 
antibody (RRID:AB_2125478, BioLegend Inc.), and FITC 
anti-human CD69 antibody (RRID:AB_314839, BioLegend 
Inc.), respectively. Cells were washed twice with staining 
buffer. Samples were measured in staining buffer using a 
 Guava® easyCyte HT 11 Flow Cytometer (Luminex). FMO 
controls were performed to set up the applied gates. For 
compensation of antibody-coupled dyes, anti-mouse Igκ 
 MACS® Comp beads (Miltenyi Biotec) were used. For com-
pensation of Zombie Aqua™ dead cells were killed by an 
incubation at 70 °C for 12 min followed by 5 min on ice. 
Data were analysed using FlowJo™ v10.5.3 Software (BD 

Life Sciences). Gating strategy is shown in supplementary 
Fig. 2.

Multiplex analysis

Human  CD8+ T cells were stimulated as described above. 
Cell culture supernatants were collected at day 5 and cen-
trifuged at 10,000 × g for 5 min to remove residual cells. 
Supernatants were investigated for cytokine release from 
 CD8+ T cells using the LEGENDplex™ Human CD8/NK 
Panel (BioLegend Inc.) according to the manufacturer’s 
instructions. Samples were diluted 1:100 prior to the analy-
sis. Samples were acquired using a CytoFlex flow cytom-
eter (Beckmann Coulter GmbH, Krefeld, Germany). Data 

Fig. 2  Determination of Treg induction in activated  CD4+ cell 
populations (Stim. Abs.). Regulatory T cells were determined as 
CD25/FoxP3 double-positive population by flow cytometry. Repre-
sentative dot plots are depicted for a platelets (plts) and b releasates 

(rel.). Summarized data for c platelets and d releasates are shown 
as mean ± SD (n = 3) with ns: not significant, **: p < 0.01 and ***: 
p < 0.001, respectively
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evaluation was performed using the LEGENDplex™ Data 
Analysis Software (BioLegend Inc.).

NK cell cytotoxicity

Human PBMCs were cultured for 24 h in the presence of 
platelet releasates in a 1:250 ratio. K562 cells were labelled 
using CFSE (BioLegend Inc.) and were co-cultured with 
PBMCs in a 50:1 Effector/Target (ET) ratio following the 
protocol published by Kandarian et  al. [26]. Differing, 
7-AAD (BioLegend Inc.) was used as live/dead staining. 
Samples were acquired by a  Guava® easyCyte HT 11 Flow 
Cytometer (Luminex) and evaluated using FlowJo™ v10.5.3 
Software (BD Life Sciences). Applied gates and correspond-
ing controls are depicted in supplementary Fig. 3a.

Statistical analysis

Data represent means ± standard deviations of at least three 
independently performed experiments (n = 3). GraphPad 
Prism Version 8 was used for statistical analysis. One-way 
ANOVA using Tukey post hoc analysis was conducted for 
data in Figs. 1, 2 and 3. Data in Figs. 4, 5, 6, and 7b were 

analysed by one-way ANOVA and Dunnett post hoc test. 
Figure 7a is analysed using students t test. ns: not significant; 
*: p < 0.05; **: p < 0.01; ***: p < 0.001.

Results

Release of IL‑10 from PBMC is enhanced by platelets 
and their secreted mediators

IL-10 is considered as a key player in immune modula-
tion and contributes to an immunosuppression [27, 28]. 
To evaluate a prospective immunosuppressive activity of 
platelets during haematogenous metastasis probably via 
inducing IL-10, we determined IL-10 levels from PBMC 
co-cultured with platelet and tumour cell-induced platelet 
releasates, respectively. In detail, PBMCs were activated 
with T cell-stimulating antibodies and co-cultured either 
with platelets or tumour cell-induced platelet releasates. 
While unstimulated PBMCs release only minor amounts 
of IL-10, more than twofold higher levels were detected in 
antibody stimulated samples reaching about 500 pg/mL. 
This secretion was massively enhanced by co-incubation 

Fig. 3  Influence of heparins and heparin mimetics on the capacity 
of platelet releasates (rel.) to induce regulatory T Cell (Treg) differ-
entiation in activated  CD4+ cell populations (Stim. Abs.). a CD25/
FoxP3 dot plots are representatively shown for each tested com-

pound. b summarized percentages for each compound are reported 
as mean ± SD (n = 3) with ns: not significant, *: p < 0.05, and ***: 
p < 0.001
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with platelets (Fig. 1a) or tumour cell-induced platelet 
releasates (Fig. 1b). Since platelets hardly contained IL-10 
themselves, this indicates their strong immunosuppressive 
activity. However, addition of external IL-2 did not lead 

to a further and significant elevation of IL-10 expres-
sion and release, neither in antibody stimulated samples, 
nor in stimulated samples co-cultured with platelets and 

Fig. 4  Flow cytometric analysis of CD25 and CD69 expression on 
activated  CD8+ T cells. Representative dot plots are shown for a 
CD25 and b CD69. Summarized data for c platelets co-culture (plts) 

and d releasates co-culture (rel.) are shown as mean ± SD (n = 3) with 
ns: not significant, **: p < 0.01 and ***: p < 0.001, respectively
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releasates, respectively. Thus, we excluded IL-2 addition 
from further investigations.

Platelet releasate‑induced Treg differentiation 
is diminished by heparin and synthetic heparin 
mimetics

As an immunosuppressive  CD4+ subset, Treg cells play a 
crucial role in cancer immune evasion. Based on the afore-
mentioned results, we determined the impact of platelets 
and their releasates on the proliferation of Treg cells in an 
isolated human  CD4+ T cell population, indicated as CD25/
FoxP3 double-positive cells in flow cytometry (Fig. 2). Con-
sistent with the IL-10 release, the activation with stimulat-
ing antibodies shifted the  CD4+ cells to a regulatory pheno-
type. This shift was further enhanced by co-cultivation with 
platelets. Independent from the presence of whole platelets, 
platelet-derived mediators released upon tumour cell-medi-
ated platelet activation were also sufficient to amplify the 
differentiation of  CD4+ T cells to an immunosuppressive 
phenotype. Once more, when platelets or their releasates 
were added without stimulating antibodies, no induction of 
Treg cells was detected.

Heparin is known to possess various anti-tumour activi-
ties, and recent findings focussed platelets as promising 
targets of heparin or LMWH in the metastatic context. 
However, whether heparin can affect immunomodulatory 
activities of platelets remained completely open. To tackle 
this issue, we investigated heparin for their ability to alter 
the immunoinhibitory properties of tumour cell-induced 
platelet releasates (Fig.  3). Unfractionated heparin and 
LMWH enoxaparin reduced Treg differentiation slightly 

stronger than fondaparinux, which was previously shown 
to poorly interfere in tumour cell–platelet interactions [24]. 
Nevertheless, these reductions did not achieve significance. 
Recently, synthetic co-polymers consisting of either 4-styre-
nesulfonate (SSS) or 3-sulfopropyl acrylate (SPA) moieties 
co-polymerised with acrylic acid (AA) have been reported 
to efficiently affect tumour cell-induced platelet activation 
acting as promising heparin mimetics [25]. Notably, these 
mimetics were highly efficient and significantly inhibited 
Treg differentiation, outmatching the commercial heparins.

Activation of  CD8+ T cells by platelet releasates 
is impeded by heparin mimicking polymers

The impact of platelets on the activity of  CD8+ effector T 
cells has previously been investigated with regard to various 
diseases. Notably, ambivalent effects representing either an 
activation or a deactivation of  CD8+ cells were observed 
pointing out the complexity and treatment dependency of 
platelet effects on  CD8+ T cells [14, 29, 30]. Since in a can-
cer-related model, tumour-induced activated platelets affect 
the immune balance into an immunosuppressive condition, 
we aimed to investigate whether they also affect  CD8+ 
effector T cells in this direction. Therefore, we examined 
the expression of CD25 and CD69 on isolated  CD8+ T cell 
cultures as markers for  CD8+ T cell activity (Fig. 4). Con-
curring with the Treg data, sole addition of platelet prepara-
tions did not alter the ratio of CD25 and CD69 expression 
compared to unstimulated  CD8+ T cells. As expected, the 
addition of a T cell-stimulating antibody cocktail led to a 
pronounced activation as indicated by elevation of CD25 
and CD69 expression, respectively. Notably, although a 
96 h incubation with platelet preparations led to a signifi-
cant increase of CD25 expression, indicating a further acti-
vation, the CD69 levels were slightly diminished arguing 
against a clear upregulation of  CD8+ T cells upon platelet 
stimulation. Of note, from preliminary experiments (data not 
shown), the variance between CD25 and CD69 seems not to 
originate from the expression kinetics of the early activation 
marker CD69.

Nevertheless, regarding the activation of  CD8+ effec-
tor T cells, the commercial heparin formulations failed to 
reduce CD25 expression (Fig. 5). Concerning the heparin 
mimetics, an inhibitory tendency could be observed, while 
poly(SSS-co-AA)-1:1 10 kDa significantly reduced CD25 
surface expression and thus cell activation. Again, CD69 
levels did not change, neither in releasates nor in the hepa-
rin-treated preparations.

Since the modulation of  CD8+ T cell activity remained 
rather ambiguous by solely focussing on surface marker 
expressions, we aimed to determine alterations in the 
cytolytic potential. Therefore, the release of pro-inflam-
matory and cytolytic factors from  CD8+ T cell cultures 

Fig. 5  Inhibitory potential of heparin mimetics on the platelet releas-
ate enhanced  CD8+ T cell activation. Percentage of CD25 and CD69 
expressing cells are shown for each investigated compound. Data rep-
resent means ± SD (n = 3) with *: p < 0.05
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was analysed (Fig. 6). Basically, a similar release pattern 
was observed for the investigated factors IFN-γ, Perforin, 
Granzyme B, Granulysin, IL-17A and TNF-α. Unstimu-
lated  CD8+ T cells displayed hardly any intrinsic release 
and were unaffected by platelet releasate incubation. Upon 
antibody stimulation,  CD8+ T cells released their cyto-
lytic and pro-inflammatory mediators. This release was 
further enhanced by the addition of platelet releasates. 
Interestingly, although platelet co-culture elevated CD25 
levels, the release of  CD8+ cell mediators was inhibited, 
underlining the ambivalence of the platelets  CD8+ T cell 
modulation. Consistent with the CD25 expression, media-
tor release was mainly unaffected by the presence of the 
commercial anticoagulants during platelet releasate prepa-
ration. However, especially for the release of IFN-γ, Per-
forin as well as Granzyme B, the heparin mimetics con-
taining 4-styrenesulfonate monomers showed remarkable 
inhibitory potential (Fig. 6).

Heparin and heparin mimetics differentially affect 
releasate mediated NK cell alteration

NK cells represent an essential component of innate immu-
nity and contribute to anti-tumour immune response. Thus, 
we investigated the modulating effect of tumour cell-induced 
platelet releasates on the cytolytic activity of NK cells 
against K562 target cells. As depicted in Fig. 7a, a 24 h pre-
incubation of PBMCs with platelet releasates significantly 
reduced killing of K562 target cells by NK cells. However, 
the presence of IL-2 did not affect NK cell activity. The 
effect of platelet releasate was significantly reversed by the 
use of UFH, while enoxaparin and fondaparinux did not 
alter NK cell inhibition. Interestingly, NK cell activity was 
significantly lower after application of releasates prepared 
in the presence of heparin mimicking polymers containing 
4-styrenesulfonate monomers indicating a certain, not yet 
elucidated effect of the polymers in this assay (Fig. 7b).

Fig. 6  Release of cytolytic factors and pro-inflammatory cytokines 
from  CD8+ T cells. Levels of a Granulysin, b Perforin, c Granzyme 
B, d IFN-γ, e IL-17A and f TNF-α were determined in supernatants 
of activated  CD8+ T cells. T cells were either incubated with plate-

let releasates or samples treated with indicated compounds during 
tumour cell-induced platelet activation. Data represent mean ± SD 
(n = 3) with n.d.: not detectable, ns: not significant, *: p < 0.05, **: 
p < 0.01 and ***: p < 0.001
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Discussion

There is an increasing body of evidence that platelets, 
beyond their activities in haemostasis, possess an immu-
nological competence affecting the immune system in 
diverse ways with respect to the pathological context. 
Although platelets are known to play a crucial role during 
haematogenous dissemination and metastasis formation, 

immunological functions of platelets therein remain elusive. 
Here, we show at a cellular in vitro level that platelets, after 
being activated by tumour cells, affect immune cells and 
generally shift them into an immunosuppressive phenotype. 
This is a further piece in understanding the rather tumour-
supporting activities of platelets in metastatic spread. More-
over, heparin was shown to partly reverse these immunosup-
pressive functions of platelets. These findings, for the first 
time, assign heparin a targeted activity in affecting immune 
functions in oncology and fuel ongoing discussion on poten-
tial anti-tumour activities of heparin in a clinical setting.

In detail, co-cultures of PBMCs with whole platelets or 
tumour cell-induced platelet releasates enhanced the release 
of IL-10 indicating a shift towards an immunosuppressive 
environment. Corroborating this assumption, our data show 
that whole platelets, as well as tumour cell-induced rele-
asates, evoked Treg differentiation from CD3/CD28/CD2 
stimulated  CD4+ T cells, although further cell types than 
regulatory T cells might contribute to IL-10 release from 
PBMCs. For instance, Gudbrandsdottir et al. showed that 
activated platelets can enhance the IL-10 secretion from 
monocytes [31]. However, our observation is consistent 
with previous findings by Gerdes et al. who showed that 
releasates of thrombin-activated platelets increase the Treg 
ratio in activated T cells [32]. Interestingly, Rossiant et al. 
recently showed that direct platelet contact is needed for 
IL-10 release from Treg cells, since supernatants from 
sCD40L-activated platelets were incapable of stimulating 
IL-10 release [16]. Differences in these findings might be 
caused by the varying stimuli used for platelet activation, 
which may lead to differential release of platelet granules 
or platelet extracellular vesicles, which were absent in our 
experimental setup (data not shown) [33].

Commercial heparins blocked the tumour cell-induced 
release of platelet granules and thus inhibited Treg differ-
entiation. However, as in our previous investigations, the 
effects of the pentasaccharide fondaparinux were only weak, 
indicating that FXa inhibition alone appears not sufficient, 
and a need for glycosaminoglycan structure supports inhibi-
tory effects, e.g. by attenuating cellular contacts [24, 25]. 
Regarding the synthetic heparin mimetics, the co-polymeric 
compounds effectively prevented Treg differentiation.

Concerning  CD8+ T cell activation, analysis of CD25 
and CD69 as activation markers in its reversion by heparin 
gave no explicit indication for inhibitory activation, while 
determination of  CD8+ protein release resulted in clearer 
evidence. Interestingly, co-incubation with whole platelets 
or platelet releasates exerted contrary effects. While platelets 
clearly inhibited cytolytic release of activated  CD8+ T cells, 
except for Granzyme B, tumour cell-induced platelet releas-
ates further enhanced the activation with CD3/CD28/CD2 
stimulating antibodies. Regarding the inhibitory capacity of 
the applied anticoagulants, all commercial heparins seemed 

Fig. 7  Assessment of cytolytic capacities of PBMC cultures against 
K562 target cells. a PBMCs were pre-incubated with platelet rele-
asates in the presence or absence of IL-2. b Applied platelet releas-
ates were prepared in the presence of heparin derivatives or heparin 
mimetics. Data represent mean ± SD of eight a and three b independ-
ent experiments, respectively. ns: not significant, *: p < 0.05 and **: 
p < 0.01
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rather inefficient to abrogate the releasate effect on  CD8+ T 
cell secretion. Conversely, co-polymers containing a SSS 
moiety were more active than the heparins or the co-polymer 
consisting of SPA and AA, which is in line with our previ-
ous findings. Furthermore, as for Treg cell data, a divergent 
effect of platelet releasates obtained by different activation 
settings appears reasonable, since Rachidi and colleagues 
observed an inhibition of  CD8+ T cell activity by thrombin-
induced platelet releasates [34]. Cytotoxic  CD8+ T cells are 
key players in anti-cancer immunity. Thus, an upregulation 
of  CD8+ T cell cytolytic activity would be considered disad-
vantageous for cancer progression, which in turn results in a 
negative effect of interfering in platelet release for cytotoxic 
t-Lymphocyte-mediated tumour cell clearance. However, it 
remains elusive whether platelets’ inhibitory or releasates’ 
activating effect would outweigh each other in an in vivo 
approach.

More clearly and convincingly, the cytolytic activity of 
NK cells was determined as another essential component 
of anti-cancer immunity. In line with previous findings, our 
tumour cell-induced platelet releasates reduced the activity 
of NK cells against K562 target cells [7, 35]. Since UFH 
seemed to reverse the attenuated NK cell activity induced 
by platelet releasates, this effect might be a further explana-
tion and argument for the potential anti-metastatic activity of 
heparin. Regarding the SSS containing heparin mimetics, it 
was rather surprising to detect an additional reduction of NK 
cell activity instead of a recovery, since we observed a strong 
inhibition of mediator release from tumour cell-activated 
platelets in our previous study [25]. However, this obser-
vation might be caused by an intrinsic immunomodulatory 
capacity of the SSS-containing polymers towards NK cells, 
which has to be further evaluated in future studies.

In conclusion, this study shows the potential of tumour 
cell-induced platelet releasates to modulate a broad range of 
components involved in anti-cancer immunity into a gener-
ally immunosuppressive state, providing further arguments 
for the metastasis-supporting activities of platelets. Heparin, 
i.e. LMWH, clinically established in the oncological sector 
might be promising in antagonizing these platelet effects. As 
one of the major mechanisms of interference, we postulate 
the inhibition of platelet activation that we showed for hep-
arins and heparin mimetics in our previous studies [24, 25]. 
On a molecular basis, RANTES, PF4, and TGF-β appear as 
relevant mediators to be involved in the regulatory T cell 
differentiation or alteration of  CD8+ and NK cell activity 
[7, 34, 36]. Since heparin is known to possess a binding 
capacity for a variety of chemokines [37], a binding of those 
molecular effectors by heparin or the mimetics might alter 
their biological activity and would give rise to a further pos-
sible mechanism of interference that has to be evaluated in 
future studies. Thus, this study provides first insights into the 
interplay of platelets, the cellular immunity and heparins for 

a deeper understanding of postulated anti-tumour activities 
of heparin beyond their anticoagulant efficiency.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00262- 022- 03186-5.

Author contribution GB and MS contributed to conceptualization and 
supervision; MS and LMG were involved in methodology; LMG and 
KN contributed to investigation; VF was involved in resources and 
writing—review and editing; LMG and KN contributed to visualiza-
tion; LMG, MS and GB was involved in writing—original draft.

Funding Open Access funding enabled and organized by Projekt 
DEAL. M.S. received financial support from the Verein zur Förderung 
der Krebsmedizin e.V. - Kirstin Diehl-Stiftung.

Data availability Research Data and Material are available from the 
corresponding author on reasonable request.

Code availability Not applicable.

Declarations 

Conflict of interest The authors have no relevant financial or non-fi-
nancial interests to disclose.

Consent to participate Not applicable.

Consent for publication Not applicable.

Ethics approval Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Bray F, Laversanne M, Weiderpass E et al (2021) The ever-
increasing importance of cancer as a leading cause of prema-
ture death worldwide. Cancer 127:3029–3030. https:// doi. org/ 
10. 1002/ cncr. 33587

 2. Sung H, Ferlay J, Siegel RL et al (2021) Global cancer statis-
tics 2020: GLOBOCAN estimates of incidence and mortality 
worldwide for 36 cancers in 185 countries. CA Cancer J Clin 
71:209–249. https:// doi. org/ 10. 3322/ caac. 21660

 3. Dillekås H, Rogers MS, Straume O (2019) Are 90% of deaths 
from cancer caused by metastases? Cancer Med 8:5574–5576. 
https:// doi. org/ 10. 1002/ cam4. 2474

 4. Fares J, Fares MY, Khachfe HH et  al (2020) Molecular 
principles of metastasis: a hallmark of cancer revisited. 

https://doi.org/10.1007/s00262-022-03186-5
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/cncr.33587
https://doi.org/10.1002/cncr.33587
https://doi.org/10.3322/caac.21660
https://doi.org/10.1002/cam4.2474


2533Cancer Immunology, Immunotherapy (2022) 71:2523–2533 

1 3

Signal Transduct Target Ther 5:28. https:// doi. org/ 10. 1038/ 
s41392- 020- 0134-x

 5. Egan K, Cooke N, Kenny D (2014) Living in shear: platelets pro-
tect cancer cells from shear induced damage. Clin Exp Metastasis 
31:697–704. https:// doi. org/ 10. 1007/ s10585- 014- 9660-7

 6. Placke T, Orgel M, Schaller M et al (2012) Platelet-derived MHC 
class I confers a pseudonormal phenotype to cancer cells that 
subverts the antitumor reactivity of natural killer immune cells. 
Cancer Res 72:440–448. https:// doi. org/ 10. 1158/ 0008- 5472. 
CAN- 11- 1872

 7. Kopp H-G, Placke T, Salih HR (2009) Platelet-derived transform-
ing growth factor-beta down-regulates NKG2D thereby inhibiting 
natural killer cell antitumor reactivity. Cancer Res 69:7775–7783. 
https:// doi. org/ 10. 1158/ 0008- 5472. CAN- 09- 2123

 8. Lucotti S, Muschel RJ (2020) Platelets and metastasis: new impli-
cations of an old interplay. Front Oncol 10:1350. https:// doi. org/ 
10. 3389/ fonc. 2020. 01350

 9. Youssefian T, Drouin A, Massé J-M et al (2002) Host defense 
role of platelets: engulfment of HIV and staphylococcus aureus 
occurs in a specific subcellular compartment and is enhanced by 
platelet activation. Blood 99:4021–4029. https:// doi. org/ 10. 1182/ 
blood- 2001- 12- 0191

 10. Aquino-Domínguez AS, MdlA R-T, Torres-Aguilar H et al (2021) 
Recent advances in the discovery and function of antimicrobial 
molecules in platelets. Int J Mol Sci 22:10230. https:// doi. org/ 10. 
3390/ ijms2 21910 230

 11. Petersson F, Kilsgård O, Shannon O et al (2018) Platelet activa-
tion and aggregation by the opportunistic pathogen cutibacterium 
(propionibacterium) acnes. PLoS ONE 13:e0192051. https:// doi. 
org/ 10. 1371/ journ al. pone. 01920 51

 12. Cognasse F, Hamzeh-Cognasse H, Lafarge S et al (2007) Human 
platelets can activate peripheral blood B cells and increase pro-
duction of immunoglobulins. Exp Hematol 35:1376–1387. https:// 
doi. org/ 10. 1016/j. exphem. 2007. 05. 021

 13. Danese S, de Motte CL, Reyes BMR et al (2004) Cutting edge: 
T cells trigger CD40-dependent platelet activation and granular 
RANTES release: a novel pathway for immune response amplifi-
cation. J Immunol 172:2011–2015. https:// doi. org/ 10. 4049/ jimmu 
nol. 172.4. 2011

 14. Elzey BD, Tian J, Jensen RJ et al (2003) Platelet-mediated modu-
lation of adaptive immunity. Immunity 19:9–19. https:// doi. org/ 
10. 1016/ S1074- 7613(03) 00177-8

 15. Rolla R, Puricelli C, Bertoni A et al (2021) Platelets: multiple 
choice effectors in the immune response and their implication 
in COVID-19 thromboinflammatory process. Int J Lab Hematol 
43:895–906. https:// doi. org/ 10. 1111/ ijlh. 13516

 16. Rossaint J, Thomas K, Mersmann S et al (2021) Platelets orches-
trate the resolution of pulmonary inflammation in mice by Treg 
cell repositioning and macrophage education. J Exp Med. https:// 
doi. org/ 10. 1084/ jem. 20201 353

 17. Thelen M, Wennhold K, Lehmann J et al (2021) Cancer-specific 
immune evasion and substantial heterogeneity within cancer types 
provide evidence for personalized immunotherapy. NPJ Precis 
Oncol 5:52. https:// doi. org/ 10. 1038/ s41698- 021- 00196-x

 18. Stoiber D, Assinger A (2020) Platelet-leukocyte interplay in can-
cer development and progression. Cells. https:// doi. org/ 10. 3390/ 
cells 90408 55

 19. Streiff MB, Holmstrom B, Angelini D et al (2021) Cancer-asso-
ciated venous thromboembolic disease, version 2.2021, NCCN 
clinical practice guidelines in oncology. J Natl Compr Cancer 
Netw 19:1181–1201. https:// doi. org/ 10. 6004/ jnccn. 2021. 0047

 20. Ek L, Gezelius E, Bergman B et al (2018) Randomized phase III 
trial of low-molecular-weight heparin enoxaparin in addition to 
standard treatment in small-cell lung cancer: the RASTEN trial. 
Ann Oncol 29:398–404. https:// doi. org/ 10. 1093/ annonc/ mdx716

 21. Kakkar AK, Levine MN, Kadziola Z et al (2004) Low molec-
ular weight heparin, therapy with dalteparin, and survival in 
advanced cancer: the fragmin advanced malignancy outcome 
study (FAMOUS). J Clin Oncol 22:1944–1948. https:// doi. org/ 
10. 1200/ JCO. 2004. 10. 002

 22. Karamouzis MV, Athanasiadis I, Samelis G et al (2021) The 
impact of thromboprophylaxis on the survival of patients with 
advanced pancreatic cancer the pancreatic cancer and tinzaparin 
(PaCT) study. Cancers. https:// doi. org/ 10. 3390/ cance rs131 22884

 23. Ma S-N, Mao Z-X, Wu Y et al (2020) The anti-cancer properties 
of heparin and its derivatives: a review and prospect. Cell Adhes 
Migr 14:118–128. https:// doi. org/ 10. 1080/ 19336 918. 2020. 17674 
89

 24. Gockel L, Ponert J, Schwarz S et al (2018) The low molecular 
weight heparin tinzaparin attenuates platelet activation in terms 
of metastatic niche formation by coagulation-dependent and inde-
pendent pathways. Molecules 23:2753. https:// doi. org/ 10. 3390/ 
molec ules2 31127 53

 25. Gockel LM, Heyes M, Li H et al (2021) Inhibition of tumor-host 
cell interactions using synthetic heparin mimetics. ACS Appl 
Mater Interfaces 13:7080–7093. https:// doi. org/ 10. 1021/ acsami. 
0c207 44

 26. Kandarian F, Sunga GM, Arango-Saenz D et al (2017) A flow 
cytometry-based cytotoxicity assay for the assessment of human 
NK cell activity. J Vis Exp. https:// doi. org/ 10. 3791/ 56191

 27. Smith LK, Boukhaled GM, Condotta SA et al (2018) Interleu-
kin-10 directly inhibits  CD8+ T cell function by enhancing n-gly-
can branching to decrease antigen sensitivity. Immunity 48:299-
312.e5. https:// doi. org/ 10. 1016/j. immuni. 2018. 01. 006

 28. Ip WKE, Hoshi N, Shouval DS et al (2017) Anti-inflammatory 
effect of IL-10 mediated by metabolic reprogramming of mac-
rophages. Science 356:513–519. https:// doi. org/ 10. 1126/ scien ce. 
aal35 35

 29. Chapman LM, Aggrey AA, Field DJ et al (2012) Platelets present 
antigen in the context of MHC class I. J Immunol 189:916–923. 
https:// doi. org/ 10. 4049/ jimmu nol. 12005 80

 30. Guo L, Shen S, Rowley JW et al (2021) Platelet MHC class I 
mediates  CD8+ T-cell suppression during sepsis. Blood 138:401–
416. https:// doi. org/ 10. 1182/ blood. 20200 08958

 31. Gudbrandsdottir S, Hasselbalch HC, Nielsen CH (2013) Activated 
platelets enhance IL-10 secretion and reduce TNF-α secretion by 
monocytes. J Immunol 191:4059–4067. https:// doi. org/ 10. 4049/ 
jimmu nol. 12011 03

 32. Gerdes N, Zhu L, Ersoy M et al (2011) Platelets regulate  CD4+ 
T-cell differentiation via multiple chemokines in humans. Thromb 
Haemost 106:353–362. https:// doi. org/ 10. 1160/ TH11- 01- 0020

 33. Battinelli EM, Markens BA, Italiano JE (2011) Release of angio-
genesis regulatory proteins from platelet alpha granules: modula-
tion of physiologic and pathologic angiogenesis. Blood 118:1359–
1369. https:// doi. org/ 10. 1182/ blood- 2011- 02- 334524

 34. Rachidi S, Metelli A, Riesenberg B et al (2017) Platelets subvert T 
cell immunity against cancer via GARP-TGFβ axis. Sci Immunol. 
https:// doi. org/ 10. 1126/ sciim munol. aai79 11

 35. Du Y, Liu X, Guo S-W (2017) Platelets impair natural killer cell reactiv-
ity and function in endometriosis through multiple mechanisms. Hum 
Reprod 32:794–810. https:// doi. org/ 10. 1093/ humrep/ dex014

 36. Chen W, Jin W, Hardegen N et al (2003) Conversion of peripheral 
CD4 + CD25- naive T cells to CD4 + CD25 + regulatory T cells 
by TGF-β induction of transcription factor Foxp3. J Exp Med 
198:1875–1886. https:// doi. org/ 10. 1084/ jem. 20030 152

 37. Crijns H, Vanheule V, Proost P (2020) Targeting chemokine–gly-
cosaminoglycan interactions to inhibit inflammation. Front immu-
nol 11:483. https:// doi. org/ 10. 3389/ fimmu. 2020. 00483

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

https://doi.org/10.1038/s41392-020-0134-x
https://doi.org/10.1038/s41392-020-0134-x
https://doi.org/10.1007/s10585-014-9660-7
https://doi.org/10.1158/0008-5472.CAN-11-1872
https://doi.org/10.1158/0008-5472.CAN-11-1872
https://doi.org/10.1158/0008-5472.CAN-09-2123
https://doi.org/10.3389/fonc.2020.01350
https://doi.org/10.3389/fonc.2020.01350
https://doi.org/10.1182/blood-2001-12-0191
https://doi.org/10.1182/blood-2001-12-0191
https://doi.org/10.3390/ijms221910230
https://doi.org/10.3390/ijms221910230
https://doi.org/10.1371/journal.pone.0192051
https://doi.org/10.1371/journal.pone.0192051
https://doi.org/10.1016/j.exphem.2007.05.021
https://doi.org/10.1016/j.exphem.2007.05.021
https://doi.org/10.4049/jimmunol.172.4.2011
https://doi.org/10.4049/jimmunol.172.4.2011
https://doi.org/10.1016/S1074-7613(03)00177-8
https://doi.org/10.1016/S1074-7613(03)00177-8
https://doi.org/10.1111/ijlh.13516
https://doi.org/10.1084/jem.20201353
https://doi.org/10.1084/jem.20201353
https://doi.org/10.1038/s41698-021-00196-x
https://doi.org/10.3390/cells9040855
https://doi.org/10.3390/cells9040855
https://doi.org/10.6004/jnccn.2021.0047
https://doi.org/10.1093/annonc/mdx716
https://doi.org/10.1200/JCO.2004.10.002
https://doi.org/10.1200/JCO.2004.10.002
https://doi.org/10.3390/cancers13122884
https://doi.org/10.1080/19336918.2020.1767489
https://doi.org/10.1080/19336918.2020.1767489
https://doi.org/10.3390/molecules23112753
https://doi.org/10.3390/molecules23112753
https://doi.org/10.1021/acsami.0c20744
https://doi.org/10.1021/acsami.0c20744
https://doi.org/10.3791/56191
https://doi.org/10.1016/j.immuni.2018.01.006
https://doi.org/10.1126/science.aal3535
https://doi.org/10.1126/science.aal3535
https://doi.org/10.4049/jimmunol.1200580
https://doi.org/10.1182/blood.2020008958
https://doi.org/10.4049/jimmunol.1201103
https://doi.org/10.4049/jimmunol.1201103
https://doi.org/10.1160/TH11-01-0020
https://doi.org/10.1182/blood-2011-02-334524
https://doi.org/10.1126/sciimmunol.aai7911
https://doi.org/10.1093/humrep/dex014
https://doi.org/10.1084/jem.20030152
https://doi.org/10.3389/fimmu.2020.00483

	Tumour cell-activated platelets modulate the immunological activity of CD4+, CD8+, and NK cells, which is efficiently antagonized by heparin
	Abstract
	Introduction
	Materials and methods
	Cell isolation
	Platelet preparations
	Cell culture
	IL-10 ELISA
	Treg differentiation
	CD8+ T cell activity
	Multiplex analysis
	NK cell cytotoxicity
	Statistical analysis

	Results
	Release of IL-10 from PBMC is enhanced by platelets and their secreted mediators
	Platelet releasate-induced Treg differentiation is diminished by heparin and synthetic heparin mimetics
	Activation of CD8+ T cells by platelet releasates is impeded by heparin mimicking polymers
	Heparin and heparin mimetics differentially affect releasate mediated NK cell alteration

	Discussion
	References




