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Nataša Pavlović a, Maria Kopsida a, Pär Gerwins a,b,1, Femke Heindryckx a,*,1 

a Department of Medical Cell Biology, Uppsala University, Uppsala, Sweden 
b Department of Radiology, Uppsala University Hospital, Uppsala, Sweden   

A R T I C L E  I N F O   

Keywords: 
Platelets 
P2Y12 
Hepatocellular carcinoma 
Fibrosis 

A B S T R A C T   

Aim: Hepatocellular carcinoma (HCC) is a primary liver cancer that usually develops in a background of chronic 
liver disease and prolonged inflammation. A major contributor in the complex molecular pathogenesis of HCC is 
the highly intertwined cross-talk between the tumor and the surrounding stromal cells, such as hepatic stellate 
cells, endothelial cells, macrophages and other immune cells. These tumor-stroma interactions actively fuel 
tumor growth and modulate the hepatic microenvironment to benefit tumor invasion and disease progression. 
Platelets have been reported to interact with different cell types in the tumor microenvironment, including tumor 
cells, stellate cells and macrophages. 
Materials and methods: Mice were treated with hepatocarcinogenic compound diethylnitrosamine for 25 weeks to 
induce HCC in the background of fibrosis and inflammation. From week 10, anti-platelet drug Clopidogrel was 
added to the drinking water and mice were given ad libitum access. 
Key findings: In this study, we show that activated platelets promote tumor cell proliferation and contribute to the 
adverse tumor-stroma cross-talk that fuels tumor progression. We also show that inhibiting platelet activation 
with the P2Y12-inhibitor Clopidogrel decreases the number of tumors in a chemically induced mouse model for 
HCC. 
Significance: These results suggest an important role for platelets in the pathogenesis of HCC and that the use of 
anti-platelet drugs may be therapeutically relevant for patients with liver cancer.   

1. Introduction 

Hepatocellular carcinoma (HCC) is a primary liver cancer that usu
ally develops in a background of chronic liver disease. In most cases, it is 
diagnosed at a late stage which limits therapeutic options, making it the 
second leading cause of cancer-related death worldwide [1,2]. Up to 
90% of HCCs are characterized by underlying chronic inflammation, 
fibrosis and/or cirrhosis, which induces a microenvironment that ben
efits tumor growth and is a major contributor in its molecular patho
genesis [2,3]. Key players in this environment include endothelial cells, 
hepatic stellate cells (HSC), resident macrophages or Kupffer cells, 
extracellular matrix (ECM) and a variety of infiltrating immune cells. 
The dynamic cross-talk between these factors is believed to actively fuel 
tumor initiation, proliferation and metastasis. A crucial event in HCC 

progression occurs during liver damage, when stellate cells transition to 
an activated myofibroblast-like phenotype [3]. This results in an 
increased deposition of ECM proteins and release of cytokines, growth 
factors, and products of oxidative stress and ultimately facilitates cancer 
progression [4]. It has been widely demonstrated that activated hepatic 
stellate cells engage in a bi-directional cross-talk with tumor cells and 
thereby directly promote tumor cell proliferation and metastasis [5]. 
Platelets are an important source of platelet-derived growth factor-beta 
(PDGF-β) and transforming growth factor beta (TGF-β), which are well 
described activators of hepatic stellate cells, with key roles in pro- 
fibrotic signaling [6]. Several studies have reported on platelet- 
derived factors such as PDGF-β, TGF-β and serotonin playing impor
tant roles in initiating and mediating pro-fibrotic signaling in the liver, 
and that anti-platelet therapy could ameliorate fibrosis in vivo [6–8]. 
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H&E, hematoxylin-eosin; TBS, tris-buffer saline; PDGF-β, platelet-derived growth factor-beta; TGFβ, tumor growth factor β; VEGF, vascular endothelial growth factor. 
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Another important factor in the hepatic stroma is the resident macro
phage population, the Kupffer cells. Macrophages play an important role 
in regulating the hepatic immune status and maintaining homeostasis of 
the liver [2]. However, in the context of HCC initiation and progression, 
macrophages have been established as key contributors in tumor growth 
and progression, through producing excessive amounts of growth factors 
such as TGF-β, PDGF-β and vascular endothelial growth factor (VEGF) 
[9]. Hepatic macrophages thereby also provide a great source of pro- 
fibrotic and immunosuppressive signaling, which further benefits can
cer progression [3]. Studies have demonstrated that pro-inflammatory 
Kupffer cell activation is crucial in the early stages of tumor develop
ment, while infiltrating macrophages play a more prominent role in HCC 
progression [9]. Platelets have been reported to play a key role in im
mune cell recruitment and in modulating the hepatic immune response 
[1,10]. Serotonin and microparticles released from platelets have been 
shown to inhibit a pro-inflammatory macrophage phenotype and prime 
macrophages for pro-tumoural signaling, which has been associated 
with poorer survival in liver cancer [10,11]. In the context of HCC 
initiation, where the diseased hepatic microenvironment is character
ized by leaky, dysfunctional blood vessels, activated platelets release 
various inflammatory mediators and express adhesive and immune re
ceptors which recruit immune cells to site of injury [5]. The role of 
platelets in mediating the immune response during hepatocellular car
cinoma remains unclear. 

A growing number of studies describes platelets as active mediators 
in the HCC microenvironment. Both in vitro and in vivo studies have 
reported on their involvement in pro-fibrinogenic signaling, mediating 
the hepatic inflammatory response and promoting HCC proliferation, 
thereby contributing to a more aggressive and metastatic tumor 
phenotype [12,13]. In this study, we show that platelets play an essen
tial role promoting tumor cell proliferation and actively engage in the 
tumor-stroma cross-talk to further benefit tumor growth and progres
sion. This would mean that anti-platelet therapy could prevent the for
mation of tumors in patients with liver cirrhosis. 

2. Material and methods 

2.1. Mouse model 

A chemically induced mouse model for HCC was used, as previously 
described [14,15]. From week 10, 0,5 mg/mL Clopidogrel was added to 
the drinking water and mice were allowed ad libitum access. After 25 
weeks samples were taken for subsequent analysis. This method was 
approved by the ethical committee for animal experimentation (C45/13 
and C46/13). 

2.2. Cell culture and reagents 

The HCC-cell line (HepG2, ATCC) was routinely cultured in DMEM 
supplemented with 10% FBS (Gibco). Cells were cultured at 37 ◦C with 
5% CO2. For starvation and stimulation, growth medium without FBS 
was used. For in vitro experiments, HepG2 cells were detached using 
trypsin-EDTA (Gibco), resuspended in growth medium and plated at a 
density of 5 × 103 cells/cm2. Cells were allowed to attach and left un
disturbed for 8 h before being starved for 4 h. Afterwards, fresh star
vation medium supplemented with 20% platelet lysate (#06961, 
Stemcell Technologies). Heparin (#07980, Stemcell Technologies) was 
added to the platelet lysate at a concentration of 2 IU/mL to prevent 
coagulation. Cells were then incubated for 24 h. 

2.3. Proliferation 

Cell proliferation was monitored via resazurin reduction assay. A 1% 
solution of resazurin sodium salt (Sigma) in PBS was filtered through a 
0,22 μM filter. The filtered resazurin solution was added in 1/80 dilution 
to the cells and incubated for 6 h, after which fluorescent signal was 

measured with a 540/35 excitation filter and a 590/20 emission filter on 
a Fluostar Omega plate reader. 

2.4. Stainings and immunohistochemistry 

Tissue samples were fixed in 4% paraformaldehyde for 24 h and 
subsequently embedded in paraffin. 8 μm slides were cut and dried 
overnight. Sections were de-paraffinized and rehydrated prior to stain
ing. Collagen deposition was assessed with a 30-min picrosirius red 
staining, followed by 10 min of washing in distilled water. Hematoxylin- 
eosin (H&E) staining was done according to standard laboratory prac
tice. For immunohistochemical stainings, antigen retrieval was done at 
95 ◦C in sodium citrate buffer and a specific antibody binding was 
blocked by 1-h incubation with 1% BSA. Slides were incubated with 
primary antibodies against Ki67 (1:100), alpha-SMA (1:200), F4/80 
(1:50) or CD41 (1:100) overnight at 4 ◦C (Supplementary Table 1), 
followed by a 40-min incubation for the secondary antibody (Alexa 
Fluor 488, ThermoFisher). Slides were washed in TBS-T (0.1% Tween- 
20) 3 × 10 minutes after primary and secondary antibody incubations. 
Cell nuclei were stained with Hoechst staining for 5 min. 

Images were acquired using a Nikon eclipse 90i microscope equipped 
with a DS-Qi1Mc camera and Nikon plan Apo objective. NIS-Elements 
AR 3.2 software was used to save and export the images. The different 
channels (RGB) of immunofluorescent images were merged using 
ImageJ software. Quantifications were performed blindly with ImageJ 
software by conversion to binary images for each channel and auto
mated detection of staining on thresholded images using a macro. 

2.5. Enzyme-linked immune sorbent assay (ELISA) 

Serum levels of TGFβ were measured via ELISA (88-8350-22, Ther
moFisher, Stockholm, Sweden), following manufacturer's guidelines. 
The averages from five biological replicates and two technical replicates 
were used for calculations. 

2.6. Quantitative RT-PCR of mRNA 

RNA was isolated from tissue or cell culture using the EZNA RNA 
isolation Kit according to the manufacturer instructions. Briefly, 500 ng 
of mRNA was reverse transcribed using iScript cDNA synthesis kit (Bio- 
rad). Then, amplifications were done using primers summarized in 
Supplementary Table 2. Normalization was done using Beta-actin and 
GAPDH. 

2.7. Proximity extension assay 

Protein from animal samples was isolated using RIPA-buffer. Protein 
concentration was measured using the BCA kit (ThermoFisher). Finally, 
all supernatants were diluted to 1 mg/mL protein in RIPA. Samples from 
three biological replicates per group were analyzed with a multiplex 
proximity extension assay (PEA) for 92 biomarkers in the Mouse 
exploratory panel (Olink Bioscience, Uppsala, Sweden). For categorizing 
the markers, the publicly available Human Protein Atlas database was 
first consulted to check the marker's prognostic value in HCC [16,17]. If 
the marker was not identified as prognostic in HCC, its potential role in 
HCC pathogenesis was evaluated through literature search. 

2.8. Statistics 

Data are presented as mean ± s.e.m. An unpaired, two-tailed Stu
dent's t-test was used to compare different groups; a P < 0.05 was 
considered statistically different. 
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3. Results 

3.1. Blocking platelet activation decreases the size and number of tumors 
in a chemically induced mouse model for HCC 

The effect of platelets on the progression of HCC was studied by using 
a chemically induced mouse model [14,15], in which HCC occurs after 
25 weeks of weekly injections with the hepatocarcinogenic compound 
diethylnitrosamine (DEN). Platelet activation was inhibited from week 
10, by using the P2Y12 inhibitor Clopidogrel (CLO). After 25 weeks, 
samples were taken from the liver tissue and macroscopic evaluation 
revealed a significant decrease in the number of tumors on the cell 
surface in mice treated with CLO (Fig. 1A). The occurrence of HCC in 
mice is usually accompanied by a severe drop in bodyweight, which was 
also ameliorated in the CLO-treated group (Fig. 1B). To ensure that the 
tumors we observed macroscopically were indeed HCC, H&E stained 
liver slides were histologically assessed. This confirmed that CLO- 
treated mice had fewer tumors (Fig. 1C), but only a mild effect on 
tumor size (Fig. 1D) was observed. 

To assess whether CLO treatment influenced the number of platelets 
in the liver, a CD41-antibody was used for immunohistochemical 
staining of liver tissue (Fig. 2F). This showed a significant increase of 
activated platelets in both the tumor and the stroma of DEN-treated mice 
compared to healthy control mice, suggesting that an accumulation of 
activated platelets in the liver during HCC progression (Fig. 2G). 
Treatment with CLO significantly decreased the number of platelets in 
the tumor and stroma tissue of DEN-treated mice. 

Tumor cells are known to have increased proliferation rates. The 
effect on tumor cell proliferation was quantified using PCNA mRNA 
expression. As expected, mice with HCC had a much higher mRNA 
expression of the proliferation marker PCNA, compared to healthy 
control mice (Fig. 1H). Treatment with CLO resulted in a slight decrease 
of PCNA mRNA expression. However, this was not significant. This 
result was confirmed after the liver slides were stained with an antibody 
against proliferation marker Ki67 (Fig. 1F). A non-significant decrease in 
the percentage of Ki67-positive nuclei in tumor tissue was observed after 
CLO treatment (Fig. 1G). 

To assess the effect of clopidogrel-treatment on the overall protein 
expression profile of mice with HCC, we performed a PEA with the 
OLINK murine biomarker panel on liver lysate and serum samples. These 
results show an overall decrease in HCC promotors and unfavorable 
tumor prognostic markers after treatment with CLO (Tables 1 & 2). For 
instance, the protein expression of negative HCC prognostic markers 
(such as Parp1, Dctn2, Epo) and growth factors known to potentiate HCC 
progression (PDGF-β, TGF-β) was significantly decreased in the serum of 
mice with HCC after CLO treatment. The decrease in TGF-β serum levels 
was also confirmed via ELISA (Fig. 3I). 

3.2. Blocking platelet activation decreases stellate cell activation and 
fibrosis in vivo 

Hepatocellular carcinoma usually occurs in a background of chronic 
liver disease and cirrhosis, which leads to the activation of hepatic 
stellate cells. These cells are responsible for the excessive deposition of 
extracellular matrix proteins, such as collagen, which is typical for 

(caption on next column) 

Fig. 1. Blocking platelet activation decreases size and number of tumors in 
vivo. (A) Number of macroscopic tumors on the liver surface. (B) Body weight 
of mice. (C) Number of tumors per 100 mm2, quantified on H&E stained liver 
sections. (D) Average size of tumors quantified on H&E stained liver sections. 
(E) Representative images of H&E stained liver slides. (F) Representative im
ages of Ki67 stained liver slides. (G) Percentage of Ki67+ nuclei in tumors in 
mice with HCC. (H) mRNA expression of proliferation marker PCNA in mice. 
Asterisks represent statistical significance, * = P < 0,05. Scale bars represent 20 
uM. p-Values were calculated via student t-test from 5 biological replicates 
per group. 
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fibrosis [3]. Platelets are known to secrete PDGF and TGF-β, which are 
potent activators of stellate cells. We therefore wanted to assess whether 
blocking platelet activation with CLO affected stellate cell activation in 
vivo. We observed a significant increase of stellate cell activation marker 
αSMA mRNA expression in liver tissue of mice with HCC, compared to 
healthy controls (Fig. 2C). In line with this result, staining of the liver 
slides with an antibody against αSMA revealed an increase of αSMA 
expression in the stromal compartment of the liver tissue (Fig. 2D&E). 
Treatment of mice with HCC with CLO resulted in a decrease in both the 
protein and mRNA expression of αSMA. Sirius Red staining of liver tissue 
slides revealed a significant increase of collagen deposition in mice with 
HCC, compared to healthy controls. Inhibiting platelet activation with 
CLO resulted in a significant decrease in collagen deposition in mice 
with HCC (Fig. 2A&B). These results indicate that platelets contribute to 
the activation of stellate cells, and perhaps also to the progression of 
fibrosis in a mouse model for HCC. 

3.3. Blocking platelet activation alters the inflammatory cell population in 
vivo 

Clinical reports have widely shown that increased macrophage 
density is highly correlated with poor survival in several cancer types, 
including HCC [17]. We thereby wanted to check whether the number of 
macrophages in the liver would be affected in this HCC mouse model. 
Indeed, immunofluorescent staining of the liver tissue with an F4/80 
antibody revealed that the total F4/80+ area increased after DEN 
treatment, both within the tumor and in the surrounding stroma 
(Fig. 3A&B). This goes in line with what has previously been shown in a 
study by Wu et al., where the authors demonstrated that pro- 
inflammatory Kupffer cell signaling was a crucial factor in DEN- 
induced HCC development in mice [18]. Activated platelets have been 
described as potent mediators in the inflammatory response, as they 

interact with a variety of immune cells, including macrophages [19]. 
Interestingly, inhibiting platelet activation with CLO significantly 
decreased the F4/80+ area, thus suggesting a decrease in macrophage 
density and a potential role of activated platelets in the recruitment of 
macrophages to the liver. Macrophages can play a pro- or anti-tumoural 
role in the diseased microenvironment, depending on their state of 
activation. It has been reported that the upregulation of certain pro- 
inflammatory/anti-tumoural genes, such as TNFα and IL6 is associated 
with longer survival in patients with HCC [20]. We therefore wanted to 
examine the expression of anti-tumoural macrophage markers. Treat
ment with CLO increased the expression of several anti-tumoural 
markers, including CD40, IL-1, TNFα, iNOS and Fpr-2 (Fig. 3, C-G) 
and decreased the expression of the pro-tumoural marker Arginase-1 
(Fig. 3H). The mRNA expression IL-1, a known regulator of chronic 
liver inflammation which precedes and drives HCC development, was 
found to be increased in DEN-induced livers compared to healthy livers, 
while treatment with CLO significantly increased the expression of IL-1 
in mice with HCC. It should be noted that this pro-inflammatory marker 
could play different roles in disease progression at early stages of cancer- 
related inflammation, compared to advanced stages of HCC where it 
may exert anti-tumoural potency [21,22]. Furthermore, treatment with 
CLO led to a decrease in TGF-β levels in the serum of mice with HCC. 
This could be a result of less tumors, and macrophages, being present in 
mice treated with CLO, as tumor cells and tumor-associated macro
phages are known sources of TGF-β (Fig. 3I) [23]. Overall, these results 
suggest that activated platelets could modulate the inflammatory 
response in HCC, and that inhibiting their activation promotes an anti- 
tumoural cell population. 

Fig. 2. Blocking platelet activation decreases tumor cell proliferation and fibrosis in vivo. (A) Representative images of Sirius Red staining of liver sections (B) 
Quantification of Sirius Red staining. (C) mRNA expression of the fibrosis marker αSMA (D) Representative images of liver sections stained with αSMA -antibodies (E) 
Quantification of αSMA staining (F) Representative images of liver sections stained with CD41-antibodies, showing activated platelets in tissue. (G) Quantification of 
CD41 staining. Asterisks represent statistical significance, * = P < 0,05; ** = P < 0,01; *** = P < 0,001. p-Values were calculated via student t-test from 5 biological 
replicates per group. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3.4. Platelet lysate promotes HCC cell proliferation and tumor stemness in 
vitro 

In order to further assess the effect of platelet-derived factors on the 
HCC cell phenotype, we incubated HCC cell line HepG2 with growth 
medium supplemented with platelet lysate for 24 h. This resulted in a 
significant increase in cell proliferation (Fig. 4A), as observed via the 
resazurin reduction assay. Furthermore, culturing HepG2 cells with 
platelet lysate significantly increased mRNA expression of tumor stem 
cell marker Ck19, while not affecting the expression of proliferation 
marker PCNA and stemness markers Epcam and Ck7 (Fig. 4B). These 
results could indicate that platelet-derived factors induce increased 
proliferation of HCC cells, and promote HCC carcinogenesis via a Ck19- 
dependent pathway. 

4. Discussion 

Hepatocellular carcinoma (HCC) is a primary liver cancer that usu
ally develops in the setting of chronic hepatitis or cirrhosis. The chronic 
inflammation induces a microenvironment that actively drives tumor 
growth and is a major factor in its pathogenesis [24]. This inflammatory 
environment includes hepatic stellate cells, macrophages or Kupffer 
cells, endothelial cells, the extracellular matrix (ECM) and a variety of 
immune cells. The complex interplay between these factors is believed 
to promote tumor initiation, proliferation and metastasis [3]. In this 
study, we identify an important role for platelets in creating a pro- 
tumoral hepatic microenvironment. 

Tumor progression is closely linked to the activation of blood coag
ulation [25]. The multifactorial pathogenesis of hemostatic disorders 
includes the activation of the coagulation and fibrinolytic systems, as 
well as the vascular endothelium, leukocytes and platelets. Tumor cells 

have the capacity to interact will all of these components, which could 
explain the involvement of the hemostatic system in cancer progression 
[26]. 

The liver plays a central role in coagulation and fibrinolysis, but is 
also closely intertwined with the function and number of blood platelets. 
Platelets have been reported to interact with different cell types in the 
hepatic tumor microenvironment, including stellate cells, inflammatory 
cells, cancer cells and macrophages [12,13]. The potent effect platelets 
have been shown to exude in a tumor microenvironment could be 
explained by the content of the granules they release upon activation. 
This includes various growth factors and pro-mitogenic cytokines, such 
as PDGF-β, TGF-β, VEGF, Interleukin-1, and serotonin [10]. 

In this study, we show that activated platelets support HCC pro
gression in vivo, by stimulating tumor cell proliferation and modulating 
the surrounding hepatic microenvironment. We show that platelets 
mediate macrophage accumulation to the liver, and modulate the he
patic inflammatory cell population phenotype towards a pro-tumoural 
state. Furthermore, we show that activated platelets induce pro- 
fibrotic signaling and hepatic stellate cell activation. This goes in line 
with various reports of platelets releasing factors such as CXCL4 and 
serotonin to actively fuel fibrosis progression [10]. Moreover, patients 
with cardiovascular disease receiving P2Y12r antagonists were shown to 
have a lower risk of developing liver fibrosis, further suggesting a pro- 
fibrotic role of platelets in liver disease [27]. 

The proliferative effect of platelets on HCC cells was further 
confirmed in vitro, and goes in line with previous findings on platelet 
lysate inducing HCC cell proliferation and invasion [28]. Furthermore, 
we show that platelet extracts strongly stimulate the mRNA expression 
of stem cell marker and liver progenitor Ck19 in HCC cells in vitro. 
Expression of Ck19 has been widely shown to correlate with a more 
aggressive HCC phenotype and poor patient outcome, while it's also 

Table 1 
A proteomics assay using the Olink Mouse Exploratory assay on liver lysates.  

Protein DEN St. dev DEN+CLO St. dev Statistical significance Biological process 

Average Average 

Foxo1 0,82 0,12 1,15 0,23  Favorable HCC prognostic marker 
Ccl20 1,57 0,23 1,59 0,35  Unfavorable HCC prognostic marker 
Axin1 1,77 0,13 2,26 0,18  
Parp1 5,11 0,22 5,26 0,21  
Tpp1 0,50 0,03 0,73 0,43  
Dctn2 4,50 0,15 4,54 0,16  
Cxcl1 0,73 0,18 1,17 0,41  HCC promoters of tumor proliferation, invasion, metastasis [33–46] 
Yes1 1,31 0,18 1,59 0,14  
Ahr 4,28 0,08 4,47 0,25  
Pak4 1,45 0,29 0,57 0,17 * 
Ddah1 5,71 0,21 5,82 0,16  
Lgmn 0,61 0,06 0,89 0,03 ** 
Fli1 0,90 0,21 1,08 0,33  
Ccl2 1,04 0,07 1,69 0,50  
Gfra1 2,01 0,10 2,26 0,17  
Fas 7,78 0,12 8,02 0,11  
Ppp1r2 1,08 0,05 1,19 0,12  Not prognostic in HCC 
Riox2 6,10 0,09 6,22 0,09  
Qdpr 5,29 0,08 5,31 0,11  
Cntn4 0,41 0,12 0,54 0,28  
Nadk 6,40 0,25 6,90 0,10  
Snap29 3,97 0,09 4,71 0,03 *** 
Map2k6 2,34 0,17 2,24 0,12  
Fst 3,99 0,12 4,06 0,07  
Prdx5 7,59 0,60 8,17 0,10  
Ccl3 0,50 0,09 0,79 0,31  Pro-inflammatory 
Il1a 2,05 0,07 2,43 0,38  
Cxcl9 1,48 0,07 2,27 0,50  
Hgf 1,64 0,12 1,86 0,23  Growth factors 
Tgfa 1,32 0,20 1,49 0,29  
Pdgfb 0,24 0,12 0,41 0,10  
Casp3 4,40 0,26 4,51 0,32  Tumor suppressors 

Asterisks represent statistical significance, * = P < 0,05; ** = P < 0,01; *** = P < 0,001. 
p-Values were calculated via student t-test from 3 biological replicates per group. 
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been demonstrated that Ck19 positivity is acquired along cancer pro
gression in hepatocarcinogenesis [29]. We could therefore speculate 
that the platelet-imposed effect on the HCC phenotype is particularly 
relevant during disease progression and in facilitating the malignant 
process. This goes in line with reports on platelets driving epithelial to 
mesenchymal transition in cancer cells and fueling metastasis in a TGF- 
β/Smad dependent manner [12,30]. While the effect we show in vitro 
demonstrates the result of direct signaling between platelets and tumor 
cells, it is also known that platelets play an active role in mediating the 
existing, vicious cross-talk between HCC cells and different stromal cell 
populations, such as stellate cells, endothelial cells, and macrophages 

[10]. 
Finally, fully assessing the effects of platelet activation in standard in 

vitro set-ups is presented with different short-comings. In a physiolog
ical environment, the biological functions of activated platelets, such as 
adhesion and clot formation are finely tuned by blood flow. Further
more, platelet activation and the coagulation cascade involve multiple 
steps, from platelet exposure to vascular injury to thrombus formation, 
which are largely influenced by microenvironmental stimuli [31]. 
Therefore, in vitro experiments involving addition of isolated platelets 
or platelet-derived factors to cell cultures in the absence of blood flow 
and relevant ECM components do not offer a fully representative model 

Table 2 
A proteomics assay using the Olink Mouse Exploratory assay on serum samples.  

Protein DEN St. dev DEN+CLO St. dev Statistical significance Biological process 

Average Average 

Matn2 1,24 0,07 0,87 0,02 ** HCC promoters 
Cpe 2,86 0,30 2,76 0,09  
Il17a 1,44 0,29 1,66 0,70  
Tnfrsf11b 1,41 0,08 1,56 0,11  
Ccl2 5,65 0,12 5,77 0,39  
Cxcl1 3,21 0,31 3,78 0,33  
Lgmn 1,42 0,21 1,36 0,34  
Mia 0,67 0,21 0,42 0,04  
Fas 1,28 0,11 1,08 0,06  
s100a4 1,13 0,16 1,31 0,02  
Fstl3 2,16 0,14 1,54 0,12  
Cyr61 2,18 0,24 1,91 0,17  
Dll1 0,87 0,11 0,65 0,11  
Fst 2,16 0,14 1,54 0,12 * 
Dlk1 0,68 0,24 0,50 0,08  
Tnsf12 1,22 0,24 0,97 0,22  
Tnfrsf12a 1,06 0,14 0,68 0,05  
Cntn1 4,55 0,14 4,32 0,03  
Notch3 1,97 0,12 1,83 0,13  
Lpl 1,46 0,17 1,35 0,29  
Ccl20 3,75 0,34 3,84 0,47  Unfavorable HCC prognostic marker 
Igsf3 1,03 0,12 1,04 0,09  
Tpp1 2,27 0,21 2,15 0,22  
Eno2 2,68 0,14 2,11 0,04  
Parp1 1,84 0,31 0,96 0,19  
Dctn2 3,11 0,05 1,46 0,08 *** 
Epo 0,84 0,11 0,56 0,12  
Prdx5 4,13 0,35 1,94 0,38 ** Not prognostic in HCC 
Map2k6 2,67 0,30 2,46 0,39  
Cntn4 0,92 0,12 0,83 0,10  
Tnr 1,38 0,15 1,16 0,08  
Crim1 2,72 0,21 2,12 0,19  
Pla2g4a 2,61 0,18 1,59 0,26 * 
Flrt2 0,87 0,16 0,61 0,10  
Nadk 1,83 0,42 1,36 0,31  
Tnni3 0,93 0,53 1,06 0,53  
Qdpr 2,27 0,19 1,19 0,03 ** 
Wfikkn2 1,71 0,21 1,46 0,16  
Sez6l2 2,22 0,12 1,79 0,10 * 
Il23r 2,49 0,08 2,46 0,14  
Tgfbr3 0,75 0,13 0,72 0,07  
Eda2r 1,50 0,21 1,07 0,17  
Clmp 2,34 0,18 1,85 0,19  
Snap29 1,19 0,57 0,85 0,66  
Hgf 5,72 0,25 5,44 0,21  Growth factors 
Tgfa 1,39 0,13 1,29 0,20  
Tgfb1 2,42 0,16 2,01 0,21  
Pdgfb 8,25 0,35 7,41 0,16  
Vegfd 0,71 0,09 0,66 0,03  
Ccl3 1,83 0,50 0,57 0,05 * Pro-inflammatory/anti-tumoural 
Il1a 4,50 0,25 3,29 0,44  
Cxcl9 1,07 0,13 1,24 0,25  
Erbb4 1,80 0,11 1,65 0,12  Tumor suppressors 
Cdh6 0,42 0,00 0,56 0,01 *** 
Casp3 4,02 0,21 2,03 0,40 ** 
Wisp1 1,55 0,11 1,09 0,09 ** 

Asterisks represent statistical significance, * = P < 0,05; ** = P < 0,01; *** = P < 0,001. 
p-Values were calculated via student t-test from 3 biological replicates per group. 
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to study and assess the effects of platelet activation on different cell 
populations' phenotypes and behavior. 

While targeting platelet activation with Clopidogrel has shown that 
platelets contribute to HCC disease progression in vivo, it is important to 
note that the Clopidogrel-targeted P2Y12r is expressed by a variety of 
other cell types present in the HCC microenvironment. Our group has 
recently reported that hepatic macrophages in mouse models for liver 
cirrhosis and HCC express P2Y12r [32]. In vitro studies have revealed 
that inhibiting P2Y12 in THP1-differentiated macrophages results in 
decreased macrophage viability, and promotes an anti-tumoural 

macrophage phenotype. Furthermore, targeting P2Y12 significantly 
increased the macrophages' capacity to phagocytose HCC cells [32]. 
Therefore, a possible off-target effect of Clopidogrel, whereby inhibition 
of P2Y12 would promote an anti-tumoural hepatic macrophage popu
lation, should not be overlooked in the present study. 

Overall, the data in this study show that platelets play an important 
role in the progression of HCC, possibly by interacting with tumor cells, 
macrophages and pro-fibrotic signaling in HCC microenvironment. This 
would suggest that anti-platelet therapy could prevent or slow down the 
progression of HCC in patients with chronic liver disease. 

Fig. 3. Activated platelets influence the inflammatory cell population. (A) Representative images of F4/80 stained liver tissue. (B) Quantification of F4/80 stained 
liver slides. (C, D, E, F, G) mRNA expression of the pro-inflammatory markers CD40, IL-1, TNFα, iNOS, Fpr2. (H) mRNA expression of the anti-inflammatory marker 
Arg-1. (I) Concentration of TGFβ in serum. Asterisks represent statistical significance, * = P < 0,05; ** = P < 0,01; *** = P < 0,001. p-Values were calculated via 
student t-test from 5 biological replicates per group. 

Fig. 4. Platelet lysate induces HCC cell proliferation and stemness. (A) Relative cell number of HepG2 cells co-cultured with platelet lysate compared to untreated 
control. (B) mRNA expression of PCNA, EpCAM, Ck19 and Ck7 in HepG2 cells co-culutred with platelet lysate compared to untreated control. p-Values were 
calculated via student t-test from 12 (A) and 3(B) biological replicates per group. 
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Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.lfs.2021.119612. 

Funding sources 

Femke Heindryckx is funded by Cancerfonden and SSMF. PG is 
supported by Barncancerfonden, Cancerfonden and Lions Cancer 
Research Fund in Uppsala. Sponsors had no involvement in the study. 

Declaration of competing interest 

The authors have no competing interests to declare. 

Acknowledgments 

FH is funded by Cancerfonden and SSMF. PG is supported by Barn
cancerfonden, Cancerfonden and Lions Cancer Research Fund in 
Uppsala. 

References 

[1] M.K. Maini, A. Schurich, Platelets harness the immune response to drive liver 
cancer, Proc. Natl. Acad. Sci. U. S. A. 109 (32) (2012) 12840–12841. 

[2] M. Ringelhan, D. Pfister, T. O’Connor, E. Pikarsky, M. Heikenwalder, The 
immunology of hepatocellular carcinoma, Nat. Immunol. 19 (3) (2018) 222–232. 

[3] F. Heindryckx, P. Gerwins, Targeting the tumor stroma in hepatocellular 
carcinoma, World J. Hepatol. 7 (2) (2015) 165–176. 

[4] H.B. El-Serag, K.L. Rudolph, Hepatocellular carcinoma: epidemiology and 
molecular carcinogenesis, Gastroenterology 132 (7) (2007) 2557–2576. 

[5] V. Carloni, T.V. Luong, K. Rombouts, Hepatic stellate cells and extracellular matrix 
in hepatocellular carcinoma: more complicated than ever, Liver Int. 34 (6) (2014) 
834–843. 

[6] S. Yoshida, N. Ikenaga, S.B. Liu, Z.W. Peng, J. Chung, D.Y. Sverdlov, et al., 
Extrahepatic platelet-derived growth factor-beta, delivered by platelets, promotes 
activation of hepatic stellate cells and biliary fibrosis in mice, Gastroenterology 147 
(6) (2014) 1378–1392. 

[7] S. Ghafoory, R. Varshney, T. Robison, K. Kouzbari, S. Woolington, B. Murphy, et 
al., Platelet TGF-beta1 deficiency decreases liver fibrosis in a mouse model of liver 
injury, Blood Adv. 2 (5) (2018) 470–480. 

[8] S. Yabanoglu, M. Akkiki, M.H. Seguelas, J. Mialet-Perez, A. Parini, N. Pizzinat, 
Platelet derived serotonin drives the activation of rat cardiac fibroblasts by 5-HT2A 
receptors, J. Mol. Cell. Cardiol. 46 (4) (2009) 518–525. 

[9] C. Ju, F. Tacke, Hepatic macrophages in homeostasis and liver diseases: from 
pathogenesis to novel therapeutic strategies, Cell. Mol. Immunol. 13 (3) (2016) 
316–327. 

[10] N. Pavlovic, B. Rani, P. Gerwins, F. Heindryckx, Platelets as key factors in 
hepatocellular carcinoma, Cancers (Basel) 11 (7) (2019). 

[11] D. Capece, M. Fischietti, D. Verzella, A. Gaggiano, G. Cicciarelli, A. Tessitore, et al., 
The inflammatory microenvironment in hepatocellular carcinoma: a pivotal role 
for tumor-associated macrophages, Biomed. Res. Int. 2013 (2013) 15. 

[12] M. Labelle, S. Begum, R.O. Hynes, Direct signaling between platelets and cancer 
cells induces an epithelial-mesenchymal-like transition and promotes metastasis, 
Cancer Cell 20 (5) (2011) 576–590. 

[13] G. Sitia, M. Iannacone, L.G. Guidotti, Anti-platelet therapy in the prevention of 
hepatitis B virus-associated hepatocellular carcinoma, J. Hepatol. 59 (5) (2013) 
1135–1138. 

[14] F. Heindryckx, K. Mertens, N. Charette, B. Vandeghinste, C. Casteleyn, C. Van 
Steenkiste, et al., Kinetics of angiogenic changes in a new mouse model for 
hepatocellular carcinoma, Mol. Cancer 9 (2010) 219. 

[15] S. Van de Veire, I. Stalmans, F. Heindryckx, H. Oura, A. Tijeras-Raballand, 
T. Schmidt, et al., Further pharmacological and genetic evidence for the efficacy of 
PlGF inhibition in cancer and eye disease, Cell 141 (1) (2010) 178–190. 

[16] M. Uhlen, C. Zhang, S. Lee, E. Sjostedt, L. Fagerberg, G. Bidkhori, et al., 
A pathology atlas of the human cancer transcriptome, Science 357 (6352) (2017). 

[17] B.Z. Qian, J.W. Pollard, Macrophage diversity enhances tumor progression and 
metastasis, Cell 141 (1) (2010) 39–51. 

[18] J. Wu, J. Li, R. Salcedo, N.F. Mivechi, G. Trinchieri, A. Horuzsko, The 
proinflammatory myeloid cell receptor TREM-1 controls Kupffer cell activation and 
development of hepatocellular carcinoma, Cancer Res. 72 (16) (2012) 3977–3986. 

[19] J.W. Semple, J.E. Italiano Jr., J. Freedman, Platelets and the immune continuum, 
Nat. Rev. Immunol. 11 (4) (2011) 264–274. 

[20] V. Chew, C. Tow, M. Teo, H.L. Wong, J. Chan, A. Gehring, et al., Inflammatory 
tumour microenvironment is associated with superior survival in hepatocellular 
carcinoma patients, J. Hepatol. 52 (3) (2010) 370–379. 

[21] P.H. Lee, T.N. Yamamoto, D. Gurusamy, M. Sukumar, Z. Yu, J. Hu-Li, et al., Host 
conditioning with IL-1beta improves the antitumor function of adoptively 
transferred T cells, J. Exp. Med. 216 (11) (2019) 2619–2634. 

[22] M. Espinosa-Cotton, S.N. Rodman Iii, K.A. Ross, I.J. Jensen, K. Sangodeyi-Miller, A. 
J. McLaren, et al., Interleukin-1 alpha increases anti-tumor efficacy of cetuximab in 
head and neck squamous cell carcinoma, J. Immunother. Cancer 7 (1) (2019), 79. 

[23] J. Massague, TGFbeta in cancer, Cell 134 (2) (2008) 215–230. 
[24] A. Bishayee, The role of inflammation in liver cancer, Inflamm. Cancer 816 (2014) 

401–435. 
[25] A. Falanga, M. Marchetti, A. Vignoli, Coagulation and cancer: biological and 

clinical aspects, J. Thromb. Haemost. 11 (2) (2013) 223–233. 
[26] A. Falanga, M. Marchetti, A. Vignoli, D. Balducci, Clotting mechanisms and cancer: 

implications in thrombus formation and tumor progression, Clin. Adv. Hematol. 
Oncol. 1 (11) (2003) 673–678. 

[27] K. Schwarzkopf, J. Bojunga, S. Ruschenbaum, Y.M. Artinez, M.M. Mucke, 
F. Seeger, et al., Use of antiplatelet agents is inversely associated with liver fibrosis 
in patients with cardiovascular disease, Int. Hepatol. Commun. 2 (12) (2018) 
1601–1609. 

[28] B.I. Carr, A. Cavallini, R. D’Alessandro, M.G. Refolo, C. Lippolis, A. Mazzocca, et 
al., Platelet extracts induce growth, migration and invasion in human 
hepatocellular carcinoma in vitro, BMC Cancer 14 (2014), 43. 

[29] M.A. Kowalik, P. Sulas, G.M. Ledda-Columbano, S. Giordano, A. Columbano, 
A. Perra, Cytokeratin-19 positivity is acquired along cancer progression and does 
not predict cell origin in rat hepatocarcinogenesis, Oncotarget 6 (36) (2015) 
38749–38763. 

[30] Y. Guo, W. Cui, Y. Pei, D. Xu, Platelets promote invasion and induce epithelial to 
mesenchymal transition in ovarian cancer cells by TGF-beta signaling pathway, 
Gynecol. Oncol. 153 (3) (2019) 639–650. 

[31] P.H. Mangin, E.E. Gardiner, W.S. Nesbitt, S.W. Kerrigan, N. Korin, W.A. Lam, et al., 
In vitro flow based systems to study platelet function and thrombus formation: 
recommendations for standardization: communication from the SSC on 
biorheology of the ISTH, J. Thromb. Haemost. 18 (3) (2020) 748–752. 
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