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Abstract. The impacts of post‑operative abdominal infectious 
complications increase hematogenous distant metastasis and 
result in poor long‑term survival after curative resection. Even if 
curative resection can be performed, the presence of circulating 
tumor cells is affected. The liver, the most common site of 
metastases, is an important organ in innate immune surveillance. 
However, the molecular mechanisms of distant hematogenous 
metastasis are not yet fully known. Platelets are crucial 
components in the tumor microenvironment that function to 
promote tumor progression and metastasis. The purpose of this 
study was to identify the effect of platelets on escape from innate 
immune surveillance in post‑operative abdominal infectious 
complications. Platelet adherence was assessed by co‑culturing 
human pancreatic cancer cells including transforming growth 
factor (TGF‑β)‑treated BxPC‑3. CD44 isoform, transcription 
factors and epithelial‑mesenchymal transition markers 
were examined using western blotting. We also assessed 
whether cancer cells surrounded by activated platelets could 
escape from innate immune surveillance, using infectious 
and non‑infectious mouse models injected intraperitoneally 
with LPS. Platelets were found to preferentially adhere 
to mesenchymal cells rather than epithelial cells. BxPC‑3 
epithelial cells showed upregulation of CD44‑variant and 
epithelial splicing regulatory protein 1 (ESRP‑1) expression. 
However, Panc‑1 mesenchymal cells and TGF‑β‑treated 
BxPC‑3 cells showed upregulation of CD44‑standard and zinc 
finger E‑box‑binding homeobox 1 (ZEB‑1) expression and a 
reduction in ESRP‑1. In the non‑infectious model, cancer cells 
were not found in the liver. In the infectious model, although 
epithelial cells without platelet adhesion were in an apoptotic 
state, mesenchymal cells showed many viable cancer cells 

surrounded by activated platelets. Cancer cells were suggested 
to have phenotypic plasticity through the switching of CD44 
isoforms. Mesenchymal cells, which express CD44‑standard, 
could escape from immune surveillance by becoming 
surrounded by adhered activated platelets. Therefore, it may be 
necessary to administer antiplatelet agents to prevent distant 
hematogenous metastasis when post‑operative abdominal 
infectious complications occur.

Introduction

Cancer is the leading cause of death worldwide, and almost 
50% of all new cancer cases globally were diagnosed in the 
elderly  (1). Despite recent advances in multimodal treat-
ment including surgery, chemotherapy, and radiotherapy, the 
outcomes of treatment for gastroenterological (GI) cancers 
remain poor (2).

The impacts of post‑operative abdominal infectious 
complications such as anastomotic leakage and bile leakage 
increase distant hematogenous metastasis and result in poor 
long‑term survival after curative resection for GI cancers 
such as colorectal, esophageal, and hepatobiliary cancer (3‑7). 
Traditional ideas propose that these potential mechanisms 
are involved in the systemic immunosuppressive effects of 
sepsis and inflammation (3). High levels of interleukin (IL)‑1, 
IL‑6, IL‑8, and tumor necrosis factor (TNF)‑α can decrease 
the number and function of cytotoxic lymphocytes, natural 
killer (NK) cells, and dendritic antigens (8‑10). These changes 
promote a direct oncogenic effect, stimulating circulating 
tumor cell (CTC) adhesion and the development of distant 
hematogenous metastasis (11,12). CTCs are actively released 
by the tumor and disseminate through the bloodstream, but 
the molecular mechanisms of distant hematogenous metastasis 
have not been fully investigated.

The preferential organ of metastasis is the liver for various 
GI cancers (13‑15). However, the liver is an important organ in 
immune surveillance (16‑18). The immune compartment of the 
liver harbors diverse innate cell populations such as Kupffer, 
NK, and gamma delta (γδ) T cells (19,20). These cells attack 
bacteria, microbial products, and CTCs, which generally 
causes distant metastasis failure (21).

Activated platelet‑mediated neutrophil extracellular traps 
(NETs) have gained attention as a host defense response to 
bacterial infection (22,23). Normally, the liver has no capillary 
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structure, so when bacteria reach the liver, they spread throughout 
the body. Released extracellularly from activated neutrophils in 
response to both infection and the sterile inflammatory process, 
NETs form a three‑dimensional meshwork that traps and kills 
cancer cells as well as bacteria within their matrices as part 
of the host's defense mechanism (22‑24). However, excessive 
NET formation releases anti‑microbial granule proteins such 
as damage‑associated molecular patterns (DAMPs) including 
nuclear protein high mobility group box 1 (HMGB1), histones, 
and myeloperoxidase, which can lead to tissue and endothelial 
damage (23,25). NET formation occurs in the sinusoid of the 
liver and in the alveolar wall of the lung (26,27). We previously 
demonstrated that progression from sepsis to liver dysfunction, 
characterized by NETs and activated‑platelet aggregation, 
cause portal hypertension and liver fibrosis, and progress 
to veno‑occlusive disease (VOD) (26). Furthermore, we also 
reported that these changes in the lung cause pulmonary hyper-
tension, acute lung injury (ALI), and acute respiratory distress 
syndrome (ARDS) by severe sepsis (27).

Platelets, anucleate hematopoietic cells, cannot be detected 
by traditional hematoxylin and eosin staining. Therefore, the 
presence of platelets around primary tumor cells is difficult to 
recognize. However, activated platelets surrounding CTCs in 
the cancer microenvironment and immune system have recently 
gained attention. Placke et al reported that MHC class I present 
on the cell surface of platelets in blood vessels are transferred 
to cancer cells, where they directly adhere to CTCs in a 
cell‑cell adhesion manner and surround the CTCs completely, 
which results in escape from innate immune surveillance (28). 
Furthermore, we also demonstrated that cancer cells are 
already surrounded by activated platelets at the primary site 
before entering blood vessels (29,30). Our study showed that 
platelet adhesion around cancer cells can be detected both 
in blood vessels and at the primary site, where they exhibit 
characteristics of epithelial‑mesenchymal transition (EMT) 
in pancreatic cancer (29). Furthermore, we also reported that 
cancer cells surrounded by platelets could be associated with 
EMT and chemoresistance in patients with breast cancer (30).

From these findings, we hypothesized that post‑operative 
abdominal infectious complications could induced NET 
formation and activated platelet aggression in the liver, which 
traps CTCs, with CTCs with EMT characteristics escaping 
from innate immune surveillance through platelet adhesion 
eventually promoting metastasis. Furthermore, we hypoth-
esized that the switching of CD44 isoforms, which has an 
important role in EMT, was involved in this process. In the 
present study, we investigated the association between cancer 
cells with platelet affinity, EMT, and distant hematogenous 
metastasis in abdominal infectious complications.

Materials and methods

Reagents. Transforming growth factor (TGF)‑β and lipo-
polysaccharide (LPS) were purchased from Sigma‑Aldrich; 
Merck KGa.

Cell lines and cell culture. The human pancreatic ductal 
adenocarcinoma (PDAC) cell lines used in this study 
included Capan‑1, BxPC‑3, Panc‑1, and MiaPaCa‑2, which 
were purchased from American Type Culture Collection 

(ATCC). A previous study reported that Capan‑1 and BxPC‑3 
have an epithelial phenotype, while Panc‑1 and MiaPaCa‑2 
have a mesenchymal phenotype (31). We also demonstrated 
that Capan‑1 and BxPC‑3 cells can form liver metastases 
in immunodeficient mice  (32). Capan‑1 and BxPC‑3 were 
maintained in RPMI‑1640 medium supplemented with 10% 
fetal bovine serum (FBS; Iwaki,  Japan), 2 mM glutamine 
(Nissui Pharmaceutical, Tokyo, Japan), and 10 U/ml peni-
cillin‑streptomycin (Gibco‑BRL; Thermo Fisher Scientific, 
Inc.). Panc‑1 and MIA PaCa‑2 cells were maintained in 
Dulbecco's modified Eagle's medium (DMEM; Gibco‑BRL; 
Thermo Fisher Scientific, Inc.) supplemented with 10% FBS, 
glutamine, and penicillin‑streptomycin. The cells were seeded 
in gelatin‑coated 75‑cm2 flasks (BD BioCoat) and cultured in 
10 ml medium at 37˚C in a humidified atmosphere of 5% CO2. 
To induce a change from the epithelial to the mesenchymal 
phenotype, BxPC‑3 cells were treated with TGF‑β (5 ng/ml) 
for 28 days and were passaged every 3 days.

Platelet preparation. Blood was obtained from healthy donors 
who for at least 10 days had not taken medication known to 
affect platelet function. All healthy donors gave their written 
informed consent before providing blood samples. Blood was 
collected by venipuncture through a 19‑gauge butterfly needle 
without a tourniquet to avoid platelet activation. For the prepa-
ration of platelet‑rich plasma (PRP), blood was collected into 
a syringe containing 3.2% trisodium citrate as anticoagulant, 
then centrifuged at 170 x g for 10 min at room temperature. 
For the preparation of washed platelets, blood was collected 
into acid‑citrate‑dextrose (ACD: 38 mM citric acid, 75 mM 
sodium citrate, 124 mM D‑glucose) as anticoagulant. Blood 
was centrifuged at 170 x g for 10 min at room temperature. 
PRP was acidified to pH 6.5 with ACD, and PGE1 (1 mM) 
was added to avoid platelet activation during centrifugation. 
Platelets were pelleted by centrifugation at 720 x g for 10 min. 
The supernatant was removed and the platelet pellet was 
resuspended in JNL buffer (130 mM NaCl, 10 mM sodium 
citrate, 9 mM NaHCO3, 6 mM D‑glucose, and 0.9 mM MgCl2, 
0.81 mM KH2PO4, and 10 mM Tris, pH 7.4) and supplemented 
with 1.8 mM CaCl2.

Co‑culture with cell lines and PRP. A total of 5.0x104 pancre-
atic cancer cells were grown on two‑well Lab‑Tek chamber 
slides (Thermo Fisher Scientific, Inc.) for 24 h. Then, they 
were co‑cultured with 5.0x106 PRP for 24 h. For visualization 
of activated platelets, cancer cells were fixed in a mixture of 
methanol and acetone (1:1) for 10 min. Following treatment 
with protein block serum (Dako Cytomation) for 10 min, the 
sections were incubated with anti‑CD42b antibody (dilution 
1:100; cat.  no.  ab134087; Abcam) at  4˚C overnight. The 
Envision‑polymer solution (horseradish peroxidase, HRP; 
Dako Cytomation) was then applied for 1 h. Signals were 
developed in 0.02% 3,3'‑diaminobenzidinetetrahydrochloride 
(DAB) solution containing 0.1% H2O2. Sections were then 
lightly counterstained with hematoxylin and examined using 
a fluorescence microscope (original magnification x400, 
Olympus, Tokyo, Japan).

Western blotting. Approximately 5x106  cells were lysed in 
RIPA buffer [50 mmol/l Tris‑HCl (pH 8.0), 150 mmol/l sodium 
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chloride, 0.5 w/v% sodium deoxycholate, 0.1 w/v% sodium 
dodecyl sulfate, and 1.0 w/v% NP‑40 substitute (Wako)] 
containing 1% protease inhibitor cocktail (Sigma‑Aldrich; Merck 
KGaA). The protein concentration of each lysate was measured 
using a BCA protein assay kit (Pierce Biotechnology; Thermo 
Fisher Scientific, Inc.). Protein from each sample was loaded 
onto 12.5% SDS‑PAGE gels (Bio‑Rad, USA) and subjected to 
electrophoresis. An amount of 20 µg of proteins were trans-
ferred to a PVDF membrane (Bio‑Rad, USA) and blocked with 
blocking solution (0.1% Tween‑20; EZ Block ATTO Corp.) at 
room temperature for 30 min. Blots were incubated overnight 
at 4˚C with each primary antibody (see below). The membranes 
were incubated with IRDye 800CW‑conjugated goat anti‑mouse 
IgG (dilution 1:10,000; cat. no. 926‑32212; LICOR Bioscience) 
or IRDye 680CW‑conjugated goat anti‑rabbit IgG (dilution 
1:10,000; cat. no. 926‑32213; LICOR Bioscience) for 1 h at 
room temperature. The immunoblots were visualized using an 
ECL Plus western blotting detection system (GE Healthcare 
Japan Ltd., Japan) and the Light‑Capture system (ATTO). To 
ensure equal protein loading, β‑actin levels were measured 
using an anti‑β‑actin monoclonal antibody (dilution 1:3,000; 
cat. no. A2228; Sigma‑Aldrich; Merck KGa), anti‑CD44 variant 
6 monoclonal antibody (dilution 1:500; cat. no. ab78960; Abcam), 
anti‑CD44 standard monoclonal antibody (dilution 1:250; 
cat. no. BBA10; R&D Systems), anti‑ZEB1 monoclonal antibody 
(dilution 1:500; cat. no. ab203829; Abcam). anti‑ESRP‑1 poly-
clonal antibody (RBM35A, dilution 1:500; cat. no. ab107278; 
Abcam), anti‑E‑cadherin monoclonal antibody (dilution 1:1,000; 
cat. no. sc7870; Santa Cruz Biotechnology, Inc.), and anti‑vimentin 
monoclonal antibody (dilution 1:1,000; cat. no. sc6260; Santa 
Cruz Biotechnology, Inc.).

CD44 knockdown. Panc‑1 cells were seeded into 75‑cm2 
flasks at a density of 1x106 cells/ml. The next day, the cells 
were transiently transfected with a short interfering RNA 
(siRNA) targeting CD44 (30 nM) or negative control siRNA 
(30 nM; Silencer® Select Negative Control No. 1 siRNA; 
catalog no. 4390843; Ambion; Thermo Fisher Scientific, Inc.) 
using Lipofectamine 2000 (Thermo Fisher Scientific, Inc.). The 
CD44 siRNA sequence was forward, 5'UAU​UCC​ACG​UGG​
AGA​AAA​ATT3' and reverse, 3'UUU​UUC​UCC​ACG​UGG​
AAU​ACA5'. After 72 h, the cells were collected. Fluorescence 
microscopy was performed to examine cells stained with 
CD42b, and the expression of CD44s and vimentin was also 
assessed by western blotting.

Experimental animals. All animal experiments were performed 
according to the standard guidelines of Kanazawa University. 
All procedures were in accordance with the Fundamental 
Guidelines for Proper Conduct of Animal Experiments and 
Related Activities in Academic Research Institutions, under 
the jurisdiction of the Ministry of Education, Culture, Sports, 
Science, and Technology of Japan and with the Helsinki 
Declaration of 1964 and later versions (https://www.wma.
net/policies‑post/wma‑declaration‑of‑helsinki‑ethical‑principles‑​
for‑medical‑research‑involving‑human‑subjects/). This study 
was approved by the Research Ethics Committee of Kanazawa 
University (AP‑163774; Kanazawa, Japan). We used male BALB/c 
mice (aged 6‑10 weeks and weighing 20‑22 g; Charles River 
Laboratories, Kanagawa, Japan) as a sepsis model to observe 

the aggregation of platelets and metastasis formation in infec-
tious complications. All the animals were housed under specific 
pathogen‑free conditions with a 12‑h dark/light cycle at 25˚C, and 
fed standard food and aseptic water.

Abdominal infectious model. An abdominal infec-
tious model was prepared as previously described  (26). 
Lipopolysaccharide (LPS) was dissolved in saline and diluted 
to 0.0003 g/ml. The solution was administered at a concen-
tration of 1 mg/kg and injected intraperitoneally into mice. 
After 24 h, 5x106 cells/100 µl BxPC‑3, TGF‑β‑treated BxPC‑3, 
and Panc‑1 cells were injected into the spleen and the animals 
were carefully monitored. Intrasplenic injection of cancer cells 
reproduces circulating tumor cells (CTCs), and a previous 
study was similarly performed to generate a liver metastasis 
model (33). At 1 h following intrasplenic injection of cancer 
cells, mice were euthanized and analyzed. Mice injected with 
Panc‑1 cells were also euthanized and analyzed at 3 and 6 h 
following intrasplenic injection. For the control group, mice 
were administered 500  µl saline intraperitoneally, which 
represented the non‑infectious model.

Immunohistochemistry. Excised organs were fixed in 10% 
neutral buffered formalin and embedded in paraffin. The 
specimens were sliced into 3‑mm sections and embedded 
in paraffin. Each paraffin block was further sliced into 
0.5‑l‑µm‑thick sections and mounted on slides. The expression 
levels of cytokeratin (mouse monoclonal IgG, dilution 1:50; 
Abcam) to detect the presence of human cytoplasm, p‑selectin 
(mouse monoclonal IgG, dilution 1:100; Abcam) to examine 
the presence of activated platelets and hepatic sinusoid endo-
thelial cells, and mab4383 (mouse monoclonal IgG, dilution 
1:200; EMD Millipore) to examine the presence of nuclei of 
human cell types were assessed by immunohistochemistry. 
Deparaffinized sections were pretreated by autoclaving in 
10% citric acid buffer (pH 8.0) at 120˚C for 15 min. Following 
treatment with protein block serum (Dako Cytomation) for 
10 min and incubation with 2% skim milk for 30 min to 
block non‑specific reactions, the sections were incubated with 
primary antibody at 4˚C overnight. Envision‑polymer solution 
(horseradish peroxidase, HRP; Dako Cytomation) was then 
applied for 1 h. Signals were developed in 0.02% 3,3'‑diamino-
benzidine tetrahydrochloride (DAB) solution containing 0.1% 
H2O2. Sections were then lightly counterstained with hematox-
ylin and examined using a fluorescence microscope (original 
magnification x400, Olympus, Tokyo, Japan). The number of 
Panc‑1 cells positively stained by mab4383 was calculated 
by counting within the original field of magnification at x40 
at 1, 3, and 6 h following intrasplenic injection.

Statistical analysis. Values are expressed as mean  ±  SD. 
Comparisons were made using one‑way analysis of variance 
or Student's t‑test followed by Tukey's post hoc test using SPSS 
statistical software, version 11.0 (IBM, Corp.). P‑values <0.05 
indicated a statistically significant difference.

Results

Platelet adhesion to pancreatic cancer cells. Capan‑1 and 
BxPC‑3 cells showed slight platelet adhesion and cell‑to‑cell 
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adhesion (Fig. 1A and B), while Panc‑1 and MiaPaca‑2 cells 
showed loss of cell‑to‑cell adhesion and were completely 
surrounded by many activated platelets, which were positive 
for CD42b staining (Fig. 1C and D). Based on these results, 
we decided to use BxPc‑3 cells as the epithelial cancer cell 
line, and Panc‑1 cells as the mesenchymal cancer cell line in 
subsequent experiments.

Adhesion molecules influenced by EMT. A panel of PDAC 
cell lines was examined by western blotting for the expres-
sion of CD44 isoforms, transcriptional factors, and EMT 
markers. BxPC‑3 cells showed a reduction in vimentin and 
upregulation of E‑cadherin expression, and Panc‑1 cells 
showed reduction in E‑cadherin and upregulation of vimentin 
expression. TGF‑β‑mediated BxPC‑3 showed the same find-
ings as Panc‑1 and demonstrated a change from an epithelial 
phenotype to a mesenchymal phenotype. Furthermore, 
western blotting identified a reduction in CD44‑standard and 
zinc finger E‑box‑binding homeobox 1 (ZEB‑1) and upregu-
lation of CD44‑variant6 and epithelial splicing regulatory 
protein 1 (ESRP‑1) expression in BxPC‑3 cells. However, 
Panc‑1 and TGF‑β‑treated BxPC‑3 cells were identified as 
having reduced CD44‑variant 6 and ESRP‑1, and upregula-
tion of CD44‑standard and ZEB‑1 expression (Fig. 2). Blots 
were re‑probed for β‑actin to ensure equal protein loading in 
each lane. Results are representative data from three separate 
experiments.

Platelet adhesion to TGF‑β‑treated BxPC‑3. BxPC‑3 cells 
showed slight platelet adhesion and cell‑to‑cell adhesion 
(Fig. 3A), while TGF‑β‑treated BxPC‑3 cells were demon-
strated to show more preferential platelet adhesion than 
BxPC‑3 cells and loss of cell‑to‑cell adhesion (Fig. 3B). In 
other words, switching CD44 from the variant isoform to 
the standard isoform through EMT changed the affinity for 
platelets.

Effect of CD44 knockdown by CD44 siRNA. Panc‑1 and control 
siRNA‑treated Panc‑1 cells preferentially adhered to platelets, 
which were positive for CD42b staining (Fig.  4A and C), 
while CD44 siRNA‑treated Panc‑1 cells showed slight 
platelet adhesion (Fig. 4B). In western blotting, Panc‑1 cells 
showed upregulated CD44s and vimentin expression, while 
CD44 siRNA‑treated Panc‑1 cells demonstrated a reduction 
in CD44s and vimentin expression (Fig. 5). These findings 
suggested that CD44 knockdown by CD44 siRNA could 
change the mesenchymal phenotype and reduce the affinity of 
cancer cells for platelets.

Mab4383 expression for examination of cancer cell 
viability. In the liver of the non‑infectious model, a small 
number of Panc‑1 cells was identified. In the liver of the 
abdominal infectious model, positive staining for mab4383 
was higher than that in the non‑infectious model. In both 
models, Panc‑1 cells showed a gradual decrease in number 
(Fig. 6A), while there were significantly more Panc‑1 cells 
in the infectious models than in the non‑infectious models 
at all times (Fig. 6B).

Cytokeratin expression for examination of cancer cell 
viability. In the liver of the non‑infectious model, cancer cells 
were not found regardless of the cancer cell line type (data not 
shown). In the liver of the abdominal infectious model, positive 

Figure 3. Immunocytochemical analysis of CD42b for examination of platelet 
adhesion. BxPC‑3 cells (A) showed slight platelet adhesion. TGF‑β‑treated 
BxPC‑3 cells (B) were surrounded by many activated platelets (original 
magnification x400). CD42b, cluster of differentiation 42b.

Figure 2. Western blot analysis of CD44v6, CD44s, ZEB‑1, ESRP‑1, 
E‑cadherin, vimentin, and β‑actin in BxPC‑3, TGF‑β‑treated BxPC‑3, and 
Panc‑1 cells. The average signal intensity was standardized to that of β‑actin. 
CD44v6, CD44‑version 6; CD44s, CD44‑standard; ZEB‑1, zinc finger 
E‑box‑binding homeobox 1; ESRP‑1, epithelial splicing regulatory protein 1.Figure 1. Immunocytochemical analysis of CD42b for examination of platelet 

adhesion. Epithelial phenotype cancer cells (A, Capan‑1; B, BxPC‑3) showed 
slight platelet adhesion. Mesenchymal phenotype cancer cells (C, Panc‑1; 
D,  MiaPaca‑2) were surrounded by many activated platelets (original 
magnification x400). CD42b, cluster of differentiation 42b.
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staining for cytokeratin was weak in the specimens regardless 
of the cancer cell line type (Fig. 7). There were very few viable 
BxPC‑3 cells, epithelial phenotype cancer cells, because the 
nuclei were deformed and there were few circular cells, with 
most cells in an apoptotic state (Fig. 7A and D). Conversely, 
there were some viable TGF‑β‑treated BePC‑3 (Fig. 7B and E) 
and Panc‑1 cells (Fig. 7C and F) and mesenchymal phenotype 
cells, as shown by cytokeratin staining, which formed a focal 
cluster within the liver sinusoid.

P‑selectin expression for examination of platelet adhesion. 
In the liver of the non‑infectious model, activated platelets 
were not observed, while a few activated hepatic sinusoid 
endothelial cells were observed (data not shown). In the 
liver of the abdominal infectious model, activated sinusoidal 
endothelial cells stained with p‑selectin were observed 
more frequently than in the non‑infectious model (Fig. 8). 
In cancer cells with the epithelial phenotype (BxPC‑3 cells), 
very few viable cells were surrounded by activated platelets 
stained with p‑selectin, while apoptotic cancer cells were 
not surrounded by activated platelets (Fig.  8A  and  D). 
Conversely, some viable mesenchymal phenotype cancer 
cells [TGF‑β‑treated BePC‑3 (Fig. 8B and E) and Panc‑1 
cells (Fig.  8C  and  F)] were completely surrounded by 
adherent platelets.

Discussion

Human cancer cells are generally recognized as xenogeneic and 
exogenous material and cannot be engrafted in immunocom-
petent mice because of innate immune surveillance. However, 
our study demonstrated that cancer cells which adhered to 
activated platelets were viable in the abdominal infectious 
model at 1 h following intrasplenic injection of cancer cells. 
Additionally, cells with the mesenchymal phenotype, Panc‑1 
and TGF‑β‑treated BxPC‑3 cells, which express the CD44s 
isoform, clearly showed these changes. Therefore, our study 
confirmed that escape from innate immune surveillance was 
induced by the enhanced adhesion of activated platelets by 
epithelial‑mesenchymal transition (EMT) and switching of 
CD44 from the variant to the standard isoform.

Circulating tumor cells (CTCs) are present in advanced 
GI cancer patients including those presenting with esopha-
geal (34), colorectal (35‑38), and pancreatic cancer (39,40). 
Cancer metastasis formation in animal studies is promoted 
by injecting cancer cells into blood vessels (33). Tien et al 
reported that CTCs in the portal vein were detected in 58.3% 
of patients with periampullary or pancreatic carcinoma 
undergoing pancreaticoduodenectomy. Furthermore, 28.3% of 
patients had liver metastases within 6 months after surgery, 
and liver metastases developed soon after surgery in patients 
with a high portal venous CTC count (41). Most CTCs are 

Figure 4. Immunocytochemical analysis of CD42b for examination of CD44 
knockdown by CD44 siRNA. Panc‑1 (A) and control siRNA‑treated Panc‑1 
cells (C) were preferentially adherent to platelets. CD44 siRNA‑treated 
Panc‑1 cells (B) showed slight platelet adhesion (original magnification 
x400). CD42b, cluster of differentiation 42b.

Figure 5. Western blot analysis of CD44s, vimentin, and β‑actin in Panc‑1, 
control siRNA‑treated Panc‑1 and CD44 siRNA‑treated Panc‑1 cells. 
The average signal intensity was standardized to that of β‑actin. CD44s, 
CD44‑standard.

Figure 6. Immunocytochemical analysis of mab4383 for examination of 
Panc‑1 cells. (A) Panc‑1 cells stained by mab4383 showed a gradual decrease 
in number in both models (original magnification x40). (B) There were signif-
icantly more Panc‑1 cells in the infectious model than in the non‑infectious 
models at all times. Results represent the mean ± SD of five experiments. 
*P<0.05. Infection(‑), non‑infectious model; Infection(+), infectious model. 
Results are mean ± SD of five experiments.
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eliminated by immune cells such as natural killer (NK) cells, 
but pathophysiologically, cancer metastasis formation from 
CTCs has not been fully elucidated.

Previous studies reported that neutrophil extracellular 
traps (NETs) have strong adhesive properties, which enable 
them to bind to pathogens including CTCs in blood vessels, 
and that they have important roles in tumor progression 
and metastasis (24,33,42). We previously demonstrated that 
aggregated platelets are surrounded by NETs in hepatic 
sinusoids in the abdominal infectious model using mice 
intraperitoneally injected with LPS (26). In other words, NETs 
interact with platelets and leukocytes and are pro‑thrombotic, 
acting as three‑dimensional frameworks for both fibrin 
deposition and later stabilization of thrombi; thus, we named 
them ‘immune‑thrombosis’  (43‑45). Immune‑thrombosis 
comprising NETs and aggregated platelets can trap CTCs, but 
have some disadvantages including not only endothelial cell 

damage and detachment through alarmins, including HMGB1 
and histones, but also the release of various cytokines and 
chemokines including TGF‑β, vascular endothelial growth 
factor‑A (VEGF‑A) and plasminogen activator inhibitor‑1 
(PAI‑1), which affect cancer progression (23,25). Based on 
these mechanisms, we postulated that the hepatic sinusoids 
had already undergone pre‑metastatic niche formation in 
abdominal infectious complications, where they contribute to 
binding CTCs, which likely results in metastasis.

Activated platelets express p‑selectin on their cell surface 
and can adhere to CD44, a ligand of p‑selectin (28). CD44 is 
also an adhesion molecule and is involved in cell‑to‑cell and 
cell‑to‑matrix adhesion, cell proliferation, differentiation and 
trafficking, and is highly expressed on stem cells (46,47). CD44 
is encoded by 20 exons and undergoes extensive alternative 
splicing to generate CD44 standard (CD44s) and CD44 variant 
(CD44v) forms. Zhao et al reported that cells expressing high 

Figure 8. Immunohistochemical analysis of p‑selectin in the infectious model. BxPC‑3 cells showed slight activated platelet adhesion around viable cancer 
cells (arrow), but platelet adhesion around apoptotic cancer cells was not evident (arrowheads; A and D). TGF‑β‑treated BxPC‑3 (B and E) and Panc‑1 
(C and F) showed platelet adhesion around viable cancer cells (arrows). A‑C, original magnification x200; D‑F, original magnification x1,000. TGF‑β, trans-
forming growth factor‑β.

Figure 7. Immunohistochemical analysis of cytokeratin in the infectious model. BxPC‑3 cells (A and D) showed few viable cancer cells (arrows) and many 
apoptotic cancer cells (arrowheads). TGF‑β‑treated BxPC‑3 (B and E) and Panc‑1 cells (C and F) showed some viable cancer cells forming a cluster (arrows). 
A‑C, original magnification x200; D‑F, original magnification x1,000. TGF‑β, transforming growth factor‑β.
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levels of CD44 predominantly showed the CD44s isoform, 
displayed a mesenchymal phenotype, and were highly invasive, 
while epithelial phenotype cell lines expressed CD44v (31). Our 
findings are also in agreement with this previous report and 
demonstrate that epithelial phenotype cell lines express CD44v 
and ESRP‑1, the latter of which is suppressed by ZEB‑1, and 
mesenchymal phenotype cell lines express CD44s and ZEB‑1, 
which is an EMT‑associated transcription factor. EMT is 
involved in invasion and tumor metastasis is a property of stem 
cells, whereas, mesenchymal‑to‑epithelial (MET) switch may 
favor tumor growth (48). Cancer cells have phenotypic plasticity, 
which confers survival capabilities through phenotypic changes 
induced by EMT and MET in response to various environmental 
factors. CD44 may have a role in regulating these processes.

In the present study, cells with a mesenchymal phenotype 
and expressing CD44s were more preferentially adherent to 
activated platelets than cells with an epithelial phenotype that 
expressed CD44v. We also found that BxPC‑3 cells could 
switch CD44 isoforms from the variant to the standard isoform 
through EMT via TGF‑β and a reduction in ESRP‑1 and that 
TGF‑β‑treated BxPC‑3 cells were preferentially adherent to 
activated platelets. Furthermore, we demonstrated that CD44 
knockdown by CD44 siRNA resulted in a reduction in platelet 
adhesion. From these findings, cancer cells are suggested to 
have phenotypic plasticity. In particular, we hypothesized that 
CD44s is involved in cluster formation via platelet adhesion 
and enhanced platelet adhesion contributes to escape from 
innate immune surveillance. A previous study reported that 
EMT indeed provides epithelial tumor cells with enhanced 
migratory, invasive, and survival abilities that enable them to 
participate in the liberation of CTCs into blood vessels (49‑51). 
CTCs may be able to travel in the blood vessels as clusters 
or microemboli to escape innate immune surveillance, and 
therefore have higher metastatic potential.

Our study demonstrated the escape from innate immune 
surveillance through activated platelet adhesion using an infec-
tious mouse model by injecting LPS intraperitoneally into mice. 
In the non‑infectious model, which has no NET formation in the 
liver, we did not identify viable cancer cells in the liver sinusoid, 
regardless of the epithelial or mesenchymal phenotype. In the 
infectious model, which has NET formation in the liver, epithe-
lial cancer cells such as BePC‑3 had slight platelet adhesion 
and were mostly in an apoptotic state. However, mesenchymal 
cancer cells such as Panc‑1 and TGF‑β‑treated BxPC‑3 cells 
had abundant platelet adhesion and formed clusters and were 
in a viable state at 1 h following intrasplenic injection of cancer 
cells despite the xenogeneic and exogenous material in immu-
nocompetent mice. To summarize, when cancer cells express 
CD44v and have an epithelial phenotype, they are not trapped 
by immune thrombosis because of the reduced platelet adhe-
sion, and are recognized as non‑self by immunocompetent cells, 
which results in an apoptotic state induced by the innate immune 
surveillance. However, when cancer cells express CD44s and 
have a mesenchymal phenotype, they are trapped by immune 
thrombosis and form clusters due to the upregulated platelet 
adhesion and are recognized as self by MHC class I present 
on the cell surface of platelets. Consequently, these cells can 
escape from innate immune surveillance of immunocompetent 
cells and liver metastasis develops (28). From these findings, we 
suspect that this process is the initial invasion step. Literature 

reporting xenografts in animal models has suggested that CTC 
clusters have higher metastatic potential than single CTCs (52). 
Furthermore, Yu et al reported that CTCs of breast cancer 
expressing a mesenchymal phenotype predominantly formed 
multicellular clusters surrounded by platelets  (53). Though 
innate immune surveillance was not examined in this study, 
these findings agree with our results and support the idea that 
platelet adhesion could also have a role in the survival of CTCs.

Our study results suggest that NET formation and platelet 
adhesion may be potential therapeutic targets not only in 
sepsis but also in cancer progression (41). In previous studies, 
Yu et al reported that aspirin therapy, which is an antiplatelet 
agent in patients with acute respiratory distress syndrome 
(ARDS)/acute lung injury (ALI), was associated with reduced 
incidence rate (54), while Boyle et al reported that aspirin is 
associated with reduced intensive care unit mortality (55). 
Furthermore, recent reports suggest that aspirin prevents 
distant metastasis; this could account for the reduction in 
cancer deaths (56‑58). These studies showed that platelets have 
an important function in the progression of ARDS/ALI and 
cancer, but there is no detailed mechanism of platelet asso-
ciation such as escape from innate immune surveillance. We 
previously reported that the antiplatelet agent cilostazol could 
inhibit NET formation in a monocrotaline‑induced model (59). 
Our data in the present study suggested a potential role for 
antiplatelet agents in suppressing NET formation and immune 
surveillance in the tumor microenvironment.

In conclusion, abdominal infectious complications induced 
NET formation and immune‑thrombosis in the liver sinu-
soids. Cancer cells have phenotypic plasticity that is adapted 
for various environments by switching CD44 isoform and 
changing the affinity for platelets. CTC clusters surrounded 
by activated platelets, especially those more preferentially 
adherent to CD44s, as well as mesenchymal phenotype cancer 
cells, could escape from immune surveillance, which results in 
the first step of cancer metastasis formation. In the progression 
of distant hematogenous metastasis, it is important that not 
just NETs but also activated platelet aggregates escape from 
innate immune surveillance. We are now conducting research 
to elucidate the mechanisms of MHC class I molecules in 
NETs and activated platelet aggregates. We believe that it may 
be necessary to undertake treatment management including 
administration of antiplatelet agents to prevent distant hema-
togenous metastasis in GI cancer patients with post‑operative 
abdominal infectious complications.
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