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Abstract
Background How platelets interact with and influence the tumor microenvironment (TME) remains poorly 
characterized.

Methods We compared the presence and participation of platelets in the TME of two tumors characterized by highly 
different TME, PyMT AT-3 mammary tumors and B16F1 melanoma.

Results We show that whereas firmly adherent platelets continuously line tumor vessels of both AT-3 and B16F1 
tumors, abundant extravascular stromal clusters of platelets from thrombopoietin-independent origin were present 
only in AT-3 mammary tumors. We further show that platelets influence the angiogenic and inflammatory profiles of 
AT-3 and B16F1 tumors, though with very different outcomes according to tumor type. Whereas thrombocytopenia 
increased bleeding in both tumor types, it further caused severe endothelial degeneration associated with massive 
vascular leakage, tumor swelling, and increased infiltration of cytotoxic cells, only in AT-3 tumors.

Conclusions These results indicate that while platelets are integral components of solid tumors, their localization 
and origin in the TME, as well as their impact on its shaping, are tumor type-dependent.
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Introduction
The possible contribution of platelets to cancer progres-
sion has been mainly considered through their ability to 
promote experimental metastasis. The pro-metastatic 
effect of platelets was initially highlighted in the early 
study by Gasic et al. in which it was shown that thrombo-
cytopenia reduced lung metastasis from intraperitoneal 
ascites tumor cells in mice [1]. Platelets have since been 
shown to support experimental metastasis by multiple, 
non-exclusive mechanisms. Those include the stimula-
tion of epithelial-mesenchymal transition (EMT) [2], the 
protection of circulating tumor cells from immune cells 
[3], or the facilitation of circulating tumor cell arrest and 
extravasation at distant sites [4–6].

There is evidence that the contribution of platelets to 
the pathophysiology of cancers is not limited to the dis-
semination and thrombotic complications of cancers. 
Several studies have reported an impact of platelets on 
primary tumor growth in various mouse models of solid 
cancers [7–10]. Yet, depending on the experimental 
design (i.e. tumor model, type of anti-platelet strategy), 
the impact of platelets on tumor growth could be either 
positive [8, 11, 12] or negative [13], precluding definitive 
conclusions about the interest of targeting platelets in 
cancers. In line with this, platelets and their secreted fac-
tors can exert opposite effects on tumor cell proliferation 
and survival depending on the tumor cell line [13–15]. 
Besides direct regulation of tumor cell proliferation, pro-
motion of angiogenesis and stabilization of tumor vessels 
are among the possible mechanisms by which platelets 
may support tumor growth indirectly. Indeed, platelets 
can stimulate angiogenesis [16, 17], a process central to 
tumor progression, and they have been shown to con-
tinuously prevent harmful (to the tumor) intratumor 
hemorrhage by repairing immune cell-induced breaches 
in the tumor vasculature [11, 18, 19]. In addition to the 
tumor vasculature, platelets may also influence the tumor 
inflammatory and immune microenvironment [20, 21]. 
Despite these data indicating that platelets regulate solid 
tumor development, the presence, localization, and par-
ticipation of platelets in the microenvironment of solid 
tumors remain poorly characterized.

In order to determine the participation of platelets in 
the TME of solid tumors, we investigated the presence 
and localization of platelets in the microenvironment of 
two different mouse models of orthotopically-implanted 
tumors, B16F1 melanomas and AT-3 MMTV-PyMT 
mammary tumors. We further compared the impact 
of severe chronic thrombocytopenia on these tumors’ 
development and TME shaping, with results highlighting 
that platelets exert tumor-type dependent effects.

Materials and methods
Mice
c-mpl−/− mice [22] and their control littermates 
on a C57BL/6 background were bred in our ani-
mal facility. GPVI−/− mice [23] and their control lit-
termates on a C57BL/6 background were bred in 
our animal facility. All procedures were approved by 
the local animal ethics committee registered with 
the French Ministry of Research (APAFIS project 
authorization#31821-2021052715257618).

Tumor models
The mouse B16F1 melanoma cell line characterized by 
a low metastatic potential [24], was purchased from 
ATCC. The mouse AT-3 mammary cell line, derived 
from a mammary carcinoma of MMTV-PyMT trans-
genic mice on a C57BL/6 background [25–29]was a kind 
gift from Scott Abrams (Roswell Park Comprehensive 
Cancer Center, Buffalo, NY, USA). B16F1 and AT-3 cells 
were cultured in Dulbecco’s modified Eagle’s medium 
(4.5  g/L glucose for B16F1 cells, 1  g/L glucose for AT-3 
cells) supplemented with 10% FBS, 1% glutamine, and 
1% penicillin-streptomycin. B16F1 cells (1 × 106) were 
injected subcutaneously into the dorsal skin of 10- to 
15-week-old male mice. AT-3 cells (2 × 105) were injected 
bilaterally into the inguinal mammary fat pads of 10- to 
15-week-old virgin female mice. B16F1 and AT-3 tumors 
were allowed to grow for 2 and 3 weeks, respectively. In a 
subset of experiments in female mice, quantities, length 
of experiment, and injection sites were inverted between 
B16F1 and AT-3 cells.

Induction of thrombocytopenia
Profound thrombocytopenia was induced on the day of 
tumor cell implantation and maintained over the course 
of the experiments by intravenous injection of a platelet-
depleting rat polyclonal antibody (R300, 0.5 µg/g mouse, 
Emfret Analytics) in c-mpl-/- mice, every 5 days. This 
protocol allowed to further decrease the platelet count 
from 189 ± 61 × 103 platelets/µL for untreated c-mpl-/- 
mice to 98.05 ± 67 × 103 platelet/µL after R300 treatment 
(mean ± SD, p < 0.0005). Control c-mpl+/+ mice were 
injected with nonimmune rat IgG (C301, Emfret Analyt-
ics) and had a mean platelet count of 1313.71 ± 277 × 103 
platelet/µL. For these experiment, B16F1 and AT-3 
tumors were allowed to grow for 2 weeks.

Histology and immunofluroscence analysis
Detailed protocols for immunostainings are given in the 
Supplementary data.
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Intravital microscopy
Intravital observation of fluorescently labeled platelets 
in B16F1 and AT-3 cells was performed through skinfold 
chambers [30], as described in the Supplementary data.

Tumor blood perfusion and vascular permeability
For assessment of tumor blood perfusion, fluorescein iso-
thiocyanate dextran (FITC-dextran, 150  kDa, 130  µg/g 
mouse Sigma-Aldrich) was injected through the retro-
orbital venous sinus, 5 min before euthanasia.

For assessment of vascular permeability, a subset of 
tumor-bearing mice was euthanized 1 h after FITC-dex-
tran injection (2,000 kDa, 65 µg/g mouse).

Determination of tumor hemoglobin content and ELISAs
Hemoglobin content was determined by measurement of 
heme concentration in tumor extracts as described previ-
ously [31]. Intratumor CD8, granzyme B, and myeloper-
oxidase (MPO) levels were quantified using commercial 
ELISA kits. Plasma PECAM-1 was measured using a 
microsphere-based flow cytometric assay described in 
the Supplementary data.

Proteome Profiler array
Tumor cytokine and angiogenic profiles were determined 
using the Mouse XL Cytokine and Angiogenesis Pro-
teome Profiler Array kits (R&D Systems).

Statistical analysis
Data are presented as mean ± SEM and were compared 
using the Wilcoxon signed-rank or Mann-Whitney test, 
when appropriate. Correlations were determined using 
the Spearman rank test. Statistical significance was set at 
5%.

Results
Comparison of the immune and vascular 
microenvironments of B16F1 and PYMT AT-3 tumors
Before evaluating the platelet contribution to the TME, 
we first characterized and compared the immune and 
vascular microenvironments of B16F1 melanoma and 
AT-3 mammary tumors. Semiquantitative proteome 
array analysis of cytokines in AT-3 and B16F1 tumors 
showed drastic differences between these two types of 
solid tumors. In particular, as compared to B16F1 mela-
noma, AT-3 tumors were enriched in mediators of leu-
kocyte infiltration, including chemokines like RANTES, 
MCP-1 and − 5, fractalkine, CXCL9, 10 and 16, as well 
as endothelial adhesion molecules like ICAM-1 and 
VCAM-1 (Figs.  1A and 2A). Consistent with these dif-
ferences, markers of neutrophil infiltration (myeloper-
oxidase (MPO) and lipocalin-2) were also more elevated 
in tumor extracts from AT-3 tumors (Fig.  1A, Supple-
mentary Figs. 1–2). In addition, immunostaining for the 

pan leukocyte antigen CD45 showed that CD45-positive 
cells were more abundant in the stroma of AT-3 tumors 
than in that of B16F1 tumors (Fig.  1B). With respect to 
circulating leukocytes, the development of both types of 
tumors led to a significant increase in blood monocyte 
and neutrophil counts (Supplementary Fig. 3A-B).

In order to compare the propensity of B16F1 and AT-3 
of tumors to elicit antitumor immunity, we estimated 
their cytotoxic cell content by quantitative measurement 
of the NK and CD8 marker granzyme B (Fig. 1C). Gran-
zyme B content was significantly and drastically higher 
in AT-3 tumors than in B16F1 tumors (Fig. 1C), a result 
consistent with their increased content in the CXCR3 
ligands [32], CXCL9 and 10 (Fig. 1A). Strikingly, whereas 
tumor weight was negatively correlated with tumor gran-
zyme B content in B16F1 tumors (Spearman’s rank cor-
relation coefficient, rho = -0.7, p < 0.0001, n = 25), there 
was no association between tumor weight and granzyme 
B content in AT-3 tumors (Spearman’s rank correlation 
coefficient, rho = 0.118, p = 0.518, n = 32) (Fig. 1D), which 
were characterized by higher levels of programmed 
death-ligand 1 (PD-L1) (Fig. 1E).

Proteome array analysis of angiogenesis-related fac-
tors in tumor extracts also showed marked differences 
between AT-3 and B16F1 tumors (Fig.  2A), suggesting 
possible quantitative or qualitative differences in vascu-
larization. Differences in the vascular phenotype of the 
two types of tumors were confirmed by immunohisto-
logical analysis. AT-3 tumors displayed a higher vascular 
density and reduced mean vessel perimeter compared 
to B16F1 tumors (Fig.  2B-D). Despite these differences, 
tumor vascular perfusion, as evaluated by intravenous 
injection of FITC-dextran just before sacrifice, was simi-
lar between AT-3 and B16F1 tumors (Fig.  2E). In con-
trast to AT3-tumors, B16F1 tumors frequently presented 
intratumor hemorrhage (Fig. 2F). The increased hemor-
rhagic trend of B16F1 tumors was confirmed by their 
increased hemoglobin content compared to AT-3 tumors 
(Fig. 2F).

Altogether these results show that B16F1 and AT-3 
tumors have drastically different immune and vascular 
microenvironments. Notably, the decreased content in 
CD45-positive cells and reduced vessel density of B16F1 
tumors, as compared to mammary AT-3 tumors, was 
maintained when B16F1 tumors were grown for 21 days 
in mammary fat pads of female mice, thus indicating that 
the main distinguishable features between these tumor 
types were irrespective of female sex, the implantation 
site, or length of experiment (Supplementary Fig. 4).

Platelets are constitutive components of the 
microenvironment of both AT-3 and B16F1 tumors
In order to characterize platelet-tumor interactions, we 
first investigated whether the development of B16F1 and 
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AT-3 tumors was associated with an increase in platelet 
count, as frequently reported in clinical studies. Blood 
cell count analysis showed that, in both types of tumors, 
an increase in circulating platelet levels occurred as the 
tumor grew (Supplementary Fig. 3C). With respect to the 
presence of platelets at the tumor site, intravital micros-
copy analysis revealed the continuous presence of numer-
ous firmly adherent intravascular platelets lining the 
vasculature, in both tumor types (Supplementary Movie 
1–7 and Fig. 3). In most instances, firm adhesion of plate-
lets to tumor vessels lasted for over several minutes (Sup-
plementary Movie 1–7). This was in stark contrast with 
the rare, transient, and short interactions seen between 
platelets and healthy vessels of non-tumor-bearing mice 
(Supplementary Movie 8). Firmly adherent platelets in 
tumor vessels and angiogenic sprouts were found mainly 
under the form of individual, non-aggregated platelets 
(Supplementary Movie 2–4,6,7). Occasionally, adherent 
platelets could be seen associated with neutrophils and 
fibrin deposits (Supplementary Movie 9,10 and Fig.  3). 
Besides individual platelets, occlusive microthrombi were 

frequently observed in the vasculature of B16F1 tumors 
(Supplementary Movie 10), but much more scarcely in 
AT-3 tumors. Notably, no transmigration of isolated or 
neutrophil-associated platelets outside the tumor vascu-
lature was observed over up to 3 h of intravital imaging.

The presence of platelets in B16F1 and AT-3 tumors 
was further investigated and confirmed by immunostain-
ing of tumor sections. In addition to platelets lining the 
inner layer of tumor vessels, perivascular platelets were 
found in AT-3 tumors (Fig. 4) and B16F1 tumors. In most 
instances, perivascular platelets were found irrespective 
of the presence of red blood cells and leukocytes (Fig. 4). 
In agreement with intravital imaging, platelets in B16F1 
tumors were also routinely present as part of intravas-
cular thrombi (Fig. 5). Strikingly, as compared to B16F1 
tumors, AT-3 tumors were characterized by the addi-
tional presence of abundant clusters of extravascular 
platelets. Noteworthy, abundant extravascular platelet 
clusters were still present in AT-3 tumors grown in the 
back skin, and remained absent of B16F1 tumors grown 
in mammary fat pads (Supplementary Fig. 5), indicating 

Fig. 1 Inflammatory profiles of AT-3 mammary tumors and B16F1 melanoma. AT-3 and B16F1 tumors were grown in C57BL/6 mice for 21 days and 14 
days, respectively. (A) Comparative heatmap showing cytokines and chemokines expressed in AT-3 and B16F1 tumors using Proteome Profiler array (n = 4 
tumors, p < 0.05). (B) Representative images and quantification of CD45 staining in AT-3 and B16F1 tumors. n = 8 AT-3 and 6 B16F1 tumors, each dot rep-
resents the mean value calculated from 5 random images taken with a 10x objective per tumor. (C) Comparison of granzyme B levels in AT-3 and B16F1 
tumor extracts. (n = 32 AT-3 and 25 B16F1 tumors). (D) Scatter plot of Spearman’s rank correlation between tumor weight and granzyme B in AT-3 (n = 32) 
and B16F1 tumors (n = 25). (E) Comparison of PD-L1 levels in AT-3 (n = 19) and B16F1 tumors (n = 14)
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that this latter platelet localization was mainly depen-
dent on the tumor cell line rather than on the tumor 
host organ. Like perivascular platelets, these extravascu-
lar clusters were found irrespective of signs of bleeding 
and leukocyte infiltration, as indicated by the absence of 
associated red blood cells (Fig. 4) or CD45-positive cells 
(Supplementary Fig. 6). In contrast to intra- and perivas-
cular platelets, which could be detected using antibodies 

to either platelet surface glycoproteins (GPVI, GPIX and 
GPIb) or platelet alpha granule markers (PF4 and vWF), 
stromal extravascular platelets in AT-3 tumors expressed 
only a subset of platelet markers. Indeed, whereas stro-
mal extravascular platelets in AT-3 tumors were positive 
for the platelet membrane marker GPIX (Fig. 4), as well as 
the platelet granule markers PF4 (Supplementary Fig. 7A) 
and vWF (Supplementary Fig.  7B), they were negative 

Fig. 2 Angiogenic profiles of AT-3 mammary tumors and B16F1 melanoma. (A) Comparative heatmap of angiogenic factors expressed in AT-3 and B16F1 
tumor extracts using Proteome Profiler array (n = 4 tumors, p < 0.05). (B) Representative images of collagen IV staining in AT-3 and B16F1 tumors. (C) 
Quantification of blood vessels identified by collagen IV staining in AT-3 and B16F1 tumors. n = 8 AT-3 and 6 B16F1 tumors, each dot represents the mean 
value calculated from 5 random images taken with a 10x objective per tumor. (D) Quantification of mean vessel perimeter in AT-3 and B16F1 tumors. 
n = 8 AT-3 and 6 B16F1 tumors; each dot represents the mean value calculated from 10 random images taken with a 10x objective per tumor. (E) Tumor 
vascular perfusion as assessed by measurement of intratumor FITC-dextran content of B16F1 and AT-3 tumors explanted 5 min after intravenous injection 
of FITC-dextran, 150 kDa. (n = 27 AT-3 and 20 B16F1 tumors). (F) H&E staining of both tumor types showing tumor bleeding only in B16F1 tumors. Arrows 
indicate intratumor hemorrhage. Comparison of intratumor hemoglobin content between AT-3 (n = 32) and B16F1 tumors (n = 25). ns, non-significant
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for GPVI and GPIb. Notably, extravascular platelets were 
absent from control mammary glands (Supplementary 
Fig. 8). Taken together, these results indicate that plate-
lets are constitutive components of the tumor microen-
vironment, with a sustained intratumor presence in intra 
and perivascular spaces, which can extend to the forma-
tion of extravascular clusters, depending on the tumor 
type.

Thrombocytopenia has tumor-type specific consequences 
on tumor vascular integrity
The continuous presence of platelets in the TME of both 
B16F1 and AT-3 tumors raised the question of their 
impact on these tumors’ development and microenvi-
ronment shaping. In order to address this question, we 
implanted B16F1 and AT-3 tumors in mice lacking Mpl 
(c-mpl−/− mice), the receptor for thrombopoietin, a key 
regulator of platelet production. These mice are charac-
terized by constitutive thrombocytopenia, with an 80 to 

90% reduction in their megakaryocyte and platelet num-
bers [22, 33]. Yet, because in mice most platelet func-
tions are maintained for platelet counts over 10% [34, 35], 
residual platelets in c-mpl−/− mice were eliminated by 
repeated injections of a platelet depleting antibody used 
at low dose (Fig. 7A).

With regard to intratumor platelets, B16F1 and AT-3 
tumors from thrombocytopenic mice were devoid of 
intra- and perivascular platelets. Strikingly, however, 
stromal clusters of extravascular platelets were still 
present in AT-3 tumors from thrombocytopenic mice 
(Fig. 6A-B), suggesting that these platelets are produced 
irrespective of the thrombopoietin/Mpl pathway and that 
their lineage might be distinct from that of circulating 
platelets.

After 15 days of tumor development, there were no dif-
ferences in tumor weight, proliferation index, and apop-
totic index between B16F1 tumors from control and 
thrombocytopenic mice (Fig.  7B-C). In contrast, AT-3 

Fig. 3 Continuous presence of intravascular and firmly adherent platelets in AT-3 mammary tumors and B16F1 melanoma. AT-3 or B16F1 cells were 
injected subcutaneously in the dorsal skin and allowed to grow for 5 to 7 days before surgical implantation of a dorsal skinfold chamber. Representative 
intravital images of the microcirculation of B16F1 and AT-3 tumors in mice injected with FITC-dextran and fluorescent antibodies to GPIX, fibrin, Gr-1, 
or PECAM-1, as indicated. White arrow indicates individual platelets adhering firmly to tumor vessels. The asterisk indicates a platelet-fibrin deposit. The 
white arrowhead shows a platelet-neutrophil complex adhering to tumor vessels. Bar = 10μm
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Fig. 4 Platelets are constitutive components of the microenvironment of AT-3 mammary tumors. Representative images of GPIX and collagen IV stain-
ing in AT-3 tumors showing the presence of platelets with different types of interactions with tumors: intravascular platelets (1), perivascular platelets (2, 
3), abundance of extravascular platelet clusters not associated with hemorrhagic areas (4, 5). White boxes show higher magnification of GPIX-positive 
platelets
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Fig. 5 Platelets are constitutive components of the microenvironment of B16F1 melanoma. Representative images of GPIX and collagen IV staining in 
B16F1 tumors showing the presence of platelets with different types of interactions with tumors: isolated intravascular platelets (2,3) or intravascular 
platelet aggregates (4) as well as the presence of extravascular platelets systematically in association with red blood cells (1). White boxes show higher 
magnification of GPIX-positive platelets
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tumors grown in mice with severe chronic thrombocy-
topenia were significantly larger compared to those from 
mice with normal platelet counts (Fig. 7B). In agreement 
with previous studies showing that platelets prevent 
tumor bleeding [11, 18], intratumor hemoglobin con-
tent was significantly higher in thrombocytopenic mice 
compared to control mice, irrespective of the tumor 
type (Supplementary Fig.  9). Despite being larger, AT-3 
tumors from thrombocytopenic mice showed a non-sig-
nificant trend towards a decreased cell proliferation index 
(p = 0.0541), and no change in apoptotic cell index com-
pared to AT-3 tumors from mice with normal platelet 
count (Fig. 7C-D). There was no difference in blood ves-
sel density between control and thrombocytopenic mice, 
in either type of tumor model (Supplementary Fig.  10). 
The fact that AT-3 tumors grown in thrombocytopenic 
mice had an increased wet weight in spite of a similar 
vessel density and apoptotic index, and reduced prolif-
eration index, compared to control tumors, suggested a 
possible increase in their tumor vessel permeability. At 
1 h after intravenous injection of high molecular weight 
(2,000 kDa) FITC-dextran, massive, macroscopically vis-
ible peritumoral leakage of FITC-dextran was observed 
around AT-3 tumors from thrombocytopenic mice, but 
not from mice with normal platelet counts, and neither 
around B16F1 tumors from either control or thrombocy-
topenic mice (Fig.  8A). Immunostainings for PECAM-1 
(Fig.  8B), VE-cadherin (Fig.  8C), and ZO-1 (Supple-
mentary Fig.  11), all gave concordant results, reveal-
ing major alterations of the tumor vessel endothelium, 

specifically in AT-3 tumors from thrombocytopenic 
mice. These alterations included large discontinuities in 
the endothelial lining and signs of endothelial degenera-
tion (Fig. 8B-C). Tumor vessel endothelial abnormalities 
in thrombocytopenic mice bearing AT-3 were associ-
ated with an increase in plasma PECAM-1 as compared 
to AT-3-bearing control mice (Fig.  8D). In contrast, the 
tumor vessel endothelial lining was homogeneous and 
continuous in all other mouse groups. Moreover, con-
trol and thrombocytopenic mice with B16F1 tumors had 
similar tumor endothelial integrity scores and plasma 
PECAM-1 levels (Fig.  8B-D). Importantly, neither the 
increase in tumor weight, nor the endothelial abnor-
malities and increased permeability of AT-3 tumors were 
observed in c-mpl−/− mice that had not been treated with 
the platelet-depleting antibody for elimination of residual 
circulating platelets (Supplementary Fig.  12). In a simi-
lar manner, none of the tumor vessel features of AT-3 
tumors from mice with chronic severe thrombocytopenia 
were observed in mice with a genetic deficiency in plate-
let GPVI (Supplementary Fig. 13), a receptor which has 
been shown previously to intervene in the prevention of 
bleeding in inflamed organs and tumors [31, 36–39].

Platelets exert tumor-type specific immunomodulatory 
functions
In order to determine whether platelets participate in 
the regulation of the inflammatory and immune envi-
ronment of B16F1 and AT-3 tumors, we compared the 
cytokine proteome profile of tumors grown in control 

Fig. 6 Extravascular platelet clusters in AT-3 tumors from chronic and severe thrombocytopenic mice. (A) Representative image of immunostaining for 
platelet factor 4 (PF4) in mammary AT-3 tumors from mice with chronic severe thrombocytopenia (c-mpl−/− mice treated with R300 antibody). Note the 
abundance of platelet clusters at the tumor periphery. (B) Immunostaining for platelets (PF4, VWF, GPIX) showing the presence of extravascular platelet 
clusters in AT-3 tumors from mice with chronic severe thrombocytopenia. White boxes show higher magnification views of the squared areas
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and thrombocytopenic mice. Thrombocytopenia modi-
fied the cytokine proteome profile of both tumor types, 
with a more pronounced impact on that of AT-3 tumors. 
Thrombocytopenia indeed caused significant changes 
in the intratumor levels of 9 cytokines or angiogenesis-
related proteins in B16F1 tumors vs. 24 for AT-3 tumors 
(Fig.  9A and Supplementary Fig.  1). Thrombocytope-
nia-associated changes common to both tumor types 
included an increase in RANTES, EGF, and angiopoi-
etin-like 3 levels, and a reduction in PF4 levels (Fig. 8A). 

Thrombocytopenia led to a significant reduction in 
intratumor PAI-1, MMP-3, MMP-9, and MPO, specifi-
cally in B16F1 tumors (Fig. 9A). The reduced intratumor 
MPO content of B16F1 tumors grown in thrombocyto-
penic mice was confirmed by ELISA on a larger sample 
set (Fig. 9C). In AT-3 tumors, thrombocytopenia caused 
a significant reduction in the levels of PF4 and CXCL-10, 
and an increase in those of several major mediators of 
immune cell recruitment and activation, including MCP-
1, IFN-γ, RANTES, P-selectin, macrophage inflammatory 

Fig. 7 Impact of chronic severe thrombocytopenia on proliferation and apoptosis in B16F1 and AT-3 tumors. (A) Schematic representation of severe 
chronic thrombocytopenia induction. Starting from the day of B16F1 and AT-3 tumor cell implantation, c-mpl-deficient mice were injected every 5 days 
with a platelet-depleting polyclonal antibody at low dose (0.5 µg/g mouse). Littermate control mice were injected with a non-immune IgG. (B) Wet 
weight of B16F1 tumors (platelet 100%, n = 27; <10%, n = 24) and AT-3 tumors (platelet 100%, n = 28; <10%, n = 32). (C) Quantification of KI67-positive 
cells in B16F1 tumors and AT-3 tumors from control mice and mice with chronic severe thrombocytopenia. n = 7 (100%) and 9 (< 10%) different B16F1 
tumors; and n = 7 (100%) and 8 (< 10%) different AT-3 tumors. (D) Quantification of TUNEL-positive cells in B16F1 tumors and AT-3 tumors from control 
mice and mice with chronic severe thrombocytopenia mice. n = 7 (100%) and 9 (< 10%) different B16F1 tumors; and n = 5 (100%) and 7 (< 10%) different 
AT-3 tumors. ns: non-significant
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Fig. 8 (See legend on next page.)
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protein-1 α and β (MIP-1α/β), MIP-3β, interleukin-1β 
(IL-1β) and CXC chemokine KC (CXCL1) (Fig. 9A).

Regarding tumor-infiltrating leukocytes, thrombocy-
topenia did not affect the overall content of intratumor 
CD45 + cells in B16F1 tumors whereas a non-significant 
trend towards an increased intratumor CD45 + cells was 
observed in AT-3 tumors (p = 0.0592). (Fig.  9D), thus 
suggesting a differential impact of platelets on leukocyte 
infiltration depending on the tumor type. In line with this 
result, thrombocytopenia also resulted in a different out-
come between B16F1 and AT-3 tumors with respect to 
intratumor cytotoxic cell content, as estimated by mea-
surement of granzyme B level. In fact, whereas throm-
bocytopenia did not affect intratumor granzyme B level 
in B16F1 tumors (Fig. 9E), it increased it in AT-3 tumors 
(Fig. 9E).

Discussion
Here, we investigated the participation of platelets in the 
TME of two types of solid tumors displaying drastically 
different vascular and inflammatory microenvironments. 
Among the main TME-related differences between 
B16F1 and AT-3 tumors, AT-3 mammary tumors were 
more inflammatory than B16F1 melanoma tumors, as 
indicated by their increased content in immune cells and 
mediators of immune cell recruitment. It is worth not-
ing that despite their increased immune cell content, 
which included an increased cytotoxic cell content, AT-3 
tumors presented signs of decreased sensitivity to anti-
tumor immunity compared to B16F1 melanoma [40]. 
In fact, whereas a negative correlation between tumor 
granzyme B content and tumor weight was found in 
B16F1 tumors, there was no association between gran-
zyme B content and tumor weight in AT-3 tumors. The 
uncoupling of cytotoxic cell content and tumor growth 
in AT-3 tumors may be linked to their increased con-
tent in PD-L1. Indeed, PD-L1 was previously shown to 
suppress NK and CD8 T cell antitumor activity [41, 42]. 
Importantly, our result show that, as different as AT-3 
and B16F1 tumors are, platelets are constitutive compo-
nents of their respective TME. Irrespective of thrombo-
sis and bleeding, platelets were systematically present in 
the intravascular and perivascular compartments of both 
AT-3 and B16F1 tumors.

Intravital microscopy revealed that platelets were in 
constant interactions with tumor vessels, mainly under 
the form of firmly adherent non-aggregated platelets 

continuously lining the tumor vasculature. While the 
mechanisms underlying direct interactions between 
tumor cells and platelets have been extensively studied 
in vitro and in models of hematogenous metastasis [43, 
44], there is only little information on if and how plate-
lets interact with solid tumors in vivo. Twenty years ago, 
Manegold et al. provided the first in vivo demonstra-
tion that platelets interact with the tumor microcircula-
tion [45]. They reported slightly increased rolling but no 
firm adhesion of platelets in tumor microvessels of mice 
bearing Lewis lung carcinoma or methylcholanthrene-
induced fibrosarcoma [45]. The discrepancy regard-
ing the presence of firmly adherent platelets in tumor 
microvessels between our study and this earlier study can 
be explained by the technological advances made in in 
vivo visualization of platelets since then. The infusion of 
a fluorescent antibody to platelets allowed us to visualize 
all circulating platelets, whereas only a minor subset of ex 
vivo labeled platelets could be visualized in the study by 
Manegold et al.

Evidence of sustained, local interactions between plate-
lets and tumor vessels provides a mechanistic insight on 
how platelets deliver their growth factors and many other 
bioactive molecules into tumors to help shape the TME 
and tumor cell phenotype. It has been shown previously 
that platelets contribute to the recruitment of pericytes 
and cancer-associated fibroblasts in tumors and favor the 
epithelial-to-mesenchymal transition through the release 
of soluble factors like transforming growth factor beta 
(TGFβ) and platelet-derived growth factor B (PDGFB) 
from their secretion granules [2, 17, 46, 47]. While 
these effects of platelets and platelet secretion products 
have suggested physical interactions between platelets 
and tumors, the existence of such interactions in vivo 
remained to be demonstrated.

Firm adhesion of non-aggregated platelets to tumor 
vessels is also consistent with the prevention of bleeding 
in tumors by platelets. In agreement with previous stud-
ies [11, 18, 19], we show that thrombocytopenia increased 
bleeding in B16F1 and AT-3 tumors. Innate immune cells 
like neutrophils and macrophages have been shown to 
cause vessel injury and bleeding in tumors [11, 19]. Our 
results indicate that, as was shown in other inflammatory 
settings [48], non-aggregated platelets contribute to the 
sealing of immune cell-induced vessel injury in tumors. 
Beyond prevention of tumor bleeding, we show here that 
platelets further support tumor endothelial integrity in 

(See figure on previous page.)
Fig. 8 Impact of thrombocytopenia on vascular permeability and endothelial integrity in B16F1 and AT-3 tumors. A. Representative images of the mac-
roscopic aspects of B16F1 and AT-3 tumors from control mice and mice with chronic severe thrombocytopenia, with or without intravenous injection 
of FITC-dextran, 2000 kDa prior to sacrifice. AT-3 tumors in control mice are highlighted by white arrows. B-C. Representative images and corresponding 
endothelial integrity scores of PECAM-1 (B) and VE-cadherin (C) staining for evaluation of endothelial integrity in AT-3 and B16F1 tumors from control 
mice and mice with chronic severe thrombocytopenia. Maximal intensity projections of optical sections are shown. D. Comparison of soluble PECAM-1 
levels in plasma from control mice and mice with chronic severe thrombocytopenia with AT-3 (platelet 100%, n = 8; <10%, n = 5) or B16F1 (platelet 100%, 
n = 21; <10%, n = 12) tumors. ns: non-significant
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AT-3 tumors, an effect that was not observed in B16F1 
tumors. Severe thrombocytopenia resulted in endothelial 
degeneration associated with massive vascular leakage, 
leading to significantly larger AT-3 tumors. The differ-
ence in thrombocytopenia-associated tumor endothelial 
phenotype between AT-3 and B16F1 tumors indicates 
that the absence of platelets per se is not sufficient to 
cause tumor endothelial degeneration, and stresses the 
involvement of additional, tumor type-related, local hits. 

It also indicates that the long-suspected endothelial-nur-
turing effect of platelets highlighted by early and more 
recent studies [49, 50], may become particularly relevant 
in certain tumor microenvironments.

Notably, the endothelial phenotype of AT-3 tumors 
from mice with chronic and severe thrombocytopenia 
was not observed in c-mpl−/− mice, which have between 
10 and 20% of residual circulating platelets. This indi-
cates that those endothelial alterations are not due to 

Fig. 9 Impact of chronic severe thrombocytopenia on the inflammatory and immune profiles of B16F1 and AT-3 tumors. A-B. Comparative heatmap 
of tumor cytokines and angiogenic factors expressed in (A) B16F1 and (B) AT-3 tumor extracts from control mice and mice with chronic severe throm-
bocytopenia mice using Proteome Profiler arrays (n = 4 tumors per group, p < 0.05). C. Comparison of myeloperoxidase (MPO) levels used as a marker of 
neutrophil infiltration in B16F1 and AT-3 tumor extracts from control mice and mice with chronic severe thrombocytopenia. n = 25 (100%) and 22 (< 10%) 
B16F1 tumors; n = 24 (100%) and 29 (< 10%) AT-3 tumors. D. Quantification of CD45-positive cells in B16F1 and AT-3 tumors from control mice and mice 
with chronic severe thrombocytopenia. n = 9 (100%) and 10 (< 10%) different B16F1 tumors; and n = 9 (100%) and 8 (< 10%) different AT-3 tumors. E. Com-
parison of cytotoxic cell infiltration among control mice and mice with chronic severe thrombocytopenia in B16F1 and AT-3 tumors by measurement of 
their granzyme B content. n = 25 (100%) and 22 (< 10%) different B16F1 tumors; and n = 20 (100%) and 30 (< 10%) different AT-3 tumors. ns: non-significant
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c-mpl deficiency-related changes in bone marrow hema-
topoietic cells and that, like for prevention of inflam-
mation-induced bleeding [48], a very limited number of 
platelets is sufficient to maintain endothelial integrity in 
AT-3 tumors. Likewise, we did not observe any bleed-
ing or permeability defects in AT-3 or B16F1 tumors 
from GPVI−/− mice. GPVI is the main platelet receptor 
for collagen and a mediator of fibrin-induced procoagu-
lant activity of platelets [51–53]. It has been implicated 
in various platelet functions pertaining to the mainte-
nance of vascular integrity, spanning from promotion of 
endothelial barrier function [49] to repair of neutrophil-
induced injury [31, 36, 38, 39], including in solid tumors 
[11]. Whereas our results do not rule out a role for GPVI 
in the maintenance of tumor vascular integrity, they indi-
cate that, in some tumors and TME, GPVI deficiency can 
be compensated. This might not be surprising as func-
tional redundancy between platelet receptors and activa-
tion pathways has been shown to be highly effective for 
maintenance of vascular integrity in inflamed tissues [37, 
48].

In contrast to tumor vessel function, tumor vessel den-
sity in B16F1 and AT-3 tumors remained unchanged by 
thrombocytopenia. Studies on the impact of platelets 
on tumor angiogenesis have yielded inconsistent results 
[8, 54, 55]. Our results indicate that, from a quantitative 
perspective, there are tumors in which angiogenesis can 
occur normally in the absence of platelets, and therefore 
suggest that the participation of platelets in tumor angio-
genesis stimulation may depend on the tumor type.

Intriguingly, in addition to intravascular and perivas-
cular platelets, we found an abundance of extravascular 
platelet clusters in the stroma of AT-3 tumors. The fact 
that extravascular platelet clusters were still present in 
AT-3 tumors from mice with severe thrombocytopenia 
resulting from c-mpl deficiency combined with antibody-
mediated immunodepletion of circulating platelets raises 
questions about their origin. Whether these platelets 
result from extramedullar thrombopoietin-independent 
megakariopoiesis programs remains highly hypotheti-
cal, but it is worth noting that there is accumulating evi-
dence of non-classical pathways for platelet production, 
particularly in inflammatory settings [56–59]. Moreover, 
several studies have shown that megakaryocytes and 
platelets can be produced from mesenchymal stem cells 
derived from adipose tissue of the mammary fat pads or 
subcutaneous layer [60–62]. Nonetheless, one cannot 
exclude that these extravascular platelet clusters were 
formed by the residual circulating platelets in mice with 
chronic severe thrombocytopenia.

Understanding how these mammary tumor-associated 
extravascular platelet clusters form could help determine 
their functions in future studies.

Platelets contain and secrete a plethora of immu-
nomodulatory factors [63]. Nevertheless, data on the 
impact of platelets on tumor inflammation and antitumor 
immune response remain scarce. We show that platelets 
play a significant role in the regulation of the inflamma-
tory profile and immune cell content of both B16F1 and 
AT-3 tumors, yet with very different outcomes accord-
ing to the tumor type. Thrombocytopenia had a limited 
impact on the inflammatory profile of B16F1 tumors. It 
led mainly to a reduction in intratumor MPO content, 
indicative of reduced neutrophil infiltration, a result con-
sistent with the ability of platelets to support neutrophil 
infiltration in a variety of inflamed tissues [63]. Thrombo-
cytopenia was associated with important changes in the 
inflammatory profile of AT-3 tumors and led to a marked 
increase in their cytotoxic cell content. This result is 
consistent with those of a previous study showing that 
thrombocytopenia resulted in increased cytotoxic cell 
infiltration in experimental colon and bladder cancers 
[64], and suggests that, in certain tumors, platelets con-
tribute to dampen spontaneous anticancer immunity. 
Interestingly, over the last years, several studies have 
shown that platelets from cancer patients can express 
PD-L1 [21, 65, 66].

Conclusions
In summary, our findings indicate that platelets are inte-
gral components of the TME of two highly different solid 
tumor models, on which they exert differential effects. 
The different intratumor localizations and effects of 
platelets according to the tumor model suggest that the 
interest of antiplatelet therapy for chemoprevention and 
cancer treatment may vary greatly between solid tumors. 
Immunohistological testing for platelets during patho-
logical examination in relation to clinical characteristics 
might provide a tool to help identify which cancers might 
benefit from antiplatelet strategies.
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