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Abstract 

Background: Neoadjuvant chemotherapy is relevant to the formation of thromboembolism and secondary 
neoplasms in triple-negative breast cancer (TNBC). Chemotherapy-induced breast cancer cell-derived 
microparticles (BCMPs) may have important thrombogenic and pro-metastatic effects on platelets and 
endothelium, which may be related to the expression and distribution of phosphatidylserine (PS). However, 
investigating these interactions is challenging due to technical limitations.  
Methods: A study was conducted in 20 healthy individuals and 18 patients who had been recently diagnosed 
with TNBC and were undergoing neoadjuvant chemotherapy with doxorubicin and cyclophosphamide. BCMPs 
were isolated from patient blood samples and doxorubicin-treated breast cancer cell lines. Their structure and 
morphology were studied by electron microscopy and antigen levels were measured by fluorescence-activated 
cell sorting. In an inhibition assay, isolated BCMPs were pretreated with lactadherin or tissue factor antibodies. 
Platelets isolated from healthy subjects were treated with BCMPs and coagulation time, fibrin formation, and 
expression of intrinsic/extrinsic factor Xase (FXa) and thrombin were evaluated. The effects of BCMPs on 
endothelial thrombogenicity and integrity were assessed by confocal microscopy, electron microscopy, 
measurement of intrinsic/extrinsic FXa, prothrombinase assay, and transwell permeability assay. 
Results: Neoadjuvant chemotherapy significantly increased the expression of PS+ BCMPs in patient plasma. Its 
expression was associated with a rapid increase in procoagulant activity. Treatment with lactadherin, a 
PS-binding scavenging molecule, markedly reduced the adhesion of BCMPs and abolished their procoagulant 
activity, but this was not observed with tissue factor antibody treatment. Intravenous injection of BCMPs in 
mice induced a significant hypercoagulable state, reducing the extent of plasma fibrinogen and promoting the 
appearance of new thrombus. Cancer cells incubated with doxorubicin released large numbers of PS+ BCMPs, 
which stimulated and transformed endothelial cells into a procoagulant phenotype and increased the 
aggregation and activation of platelets. Moreover, cancer cells exploited this BCMP-induced endothelial 
leakiness and showed promoted metastasis. Pretreatment with lactadherin increased uptake of both PS+ 
BCMPs and cancer cells by endothelial cells and limited the transendothelial migration of cancer cells.  
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Conclusion: Lactadherin, a biosensor that we developed, was used to study the extracellular vesicle 
distribution of PS, which revealed a novel PS+ BCMPs administrative axis that initiated a local coagulation 
cascade and facilitated metastatic colonization of circulating cancer cells. 

Key words: Phosphatidylserine, tumor-derived microparticles, procoagulation, transendothelial migration, 
lactadherin. 

Introduction 
Pathological hemostatic system activation occurs 

in epithelial malignancies [1, 2] such as triple-negative 
breast cancer (TNBC), which comprises 15–20% of 
breast cancers. TNBC has no approved molecularly 
targeted therapy [3-5]. Thus, given the invasive 
biology and high risk of distant recurrence, systemic 
chemotherapy is warranted in TNBC patients [6]. 
Disappointingly, the frequency of venous 
thromboembolism (VTE) in breast cancer patients 
receiving chemotherapy (adjuvant/neoadjuvant) was 
found to be 4–5 times higher than that in control 
patients [7-9]. The incidence of VTE remains 
significantly higher with chemotherapy even though 
current guidelines recommend application of VTE 
thromboprophylaxis in high-risk individuals [10, 11]. 
This leads us to believe that there are other 
mechanisms underlying cancer-related VTE in the 
condition of chemotherapy. 

Standard dose-dense doxorubicin (DOX) and 
cyclophosphamide neoadjuvant chemotherapy 
(NAC) benefits women with TNBC by downsizing the 
tumor and increasing pathological complete response 
rates. However, the therapeutic benefits of NAC may 
be limited by tumor-promoting host responses that 
are induced by certain cytotoxic drugs. Several 
studies have reported pro-metastatic effects of DOX in 
mouse mammary tumor models [12, 13]. Clearly, the 
NAC per se may be relevant to the formation of 
thromboembolism and secondary neoplasms. 
Speculating on the conditions and specific 
mechanisms of this process is conducive to the 
development of new targeted anticoagulants or cancer 
drugs. 

Matsumura et al. reported subtypes of tumor 
cell-derived extracellular vesicles having differently 
externalized phosphatidylserine (PS) [22]. The 
location of PS on membranes is important for tumor 
cell survival, growth, and proliferation and 
cancer-related symptoms [23]. However, relatively 
little is known about the modulation, kinetics, and 
role of PS+ tumor-derived microparticles (MPs) in 
cancer-associated thrombosis. In the past, special 
focus was given to tissue factor (TF)-expressing 
tumor-derived MPs [24-30]. But exposed TF is 
generally quiescent unless residing in a PS+ 
membrane. Thus, TF activity can be inhibited by 
blocking inhibitors of PS, such as annexin V or 

lactadherin [31-35]. Methodologically, previous 
studies using thrombin generation assays and 
transmission electron microscopy (TEM) to analyze 
the upregulation of procoagulant activity (PCA) [36] 
could not identify or localize the expression of specific 
bioactive proteins at the MP level, nor could the 
procoagulant heterogeneity of MPs on platelets be 
studied. Additionally, studies may also be needed on 
the production of intrinsic factor Xase (FXa) and 
extrinsic FXa activity, including tests of whether this 
activity can be decreased by blocking exposed TF or 
PS. A definitive role for the modulation of PS 
expression and breast cancer cell-derived MPs 
(BCMPs) arrest and elimination by endothelial cells 
(ECs) in the process of NAC remains unknown, 
although interactions between MPs and endothelia 
are in the spotlight [37-39].  

Here, we examined the procoagulant properties 
and pro-metastatic potential of tumor-derived MPs in 
vitro and in vivo. PS+ BCMPs were more highly 
expressed than TF+ BCMPs and were complexed to 
factor Va (FVa) and FXa, which augmented their 
ability to promote fibrin formation and increased the 
incidence of microvascular obstruction in vital organs. 
Moreover, PS+ BCMPs induced functional and 
morphological abnormalities associated with platelets 
and endothelium, thereby worsening the 
hypercoagulability state and cancer cell 
transendothelial migration in both dose- and 
time-dependent manners. Blocking PS enabled us to 
delineate the relative contribution of BCMPs to 
thrombosis and transendothelial migration. PS (found 
on the surface of cancer cells)-targeted cancer therapy 
is already well established through PS antibodies and 
cationic liposomes entrapping DOX [40, 41]. 
Lactadherin, which specifically targets PS on tumor 
cells and tumor-derived MPs and senses the quantity 
of exposed PS, in combination with other cancer 
drugs merits further investigation.  

Materials and methods 
Patients 

The study was conducted between December 
2016 and July 2018 with 20 healthy individuals, who 
were not on any medications two weeks prior to the 
study, as control and 18 patients who had been 
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recently diagnosed with TNBC and were undergoing 
NAC with DOX and cyclophosphamide. The test 
participants were included based on their 
pretreatment analysis, which was done through 
pathological examination including HER2 and tissue 
hormone receptors status. All test patients were 
treated with DOX and cyclophosphamide according 
to the recommended guidelines. Tumor stiffness for 
each patient was assessed 1 day before biopsy (time 
point Day 0, elasticity E0) and 1, 2, and 6 days after 
(E1, E2, E6). Peripheral venous blood was withdrawn 
from patients at the same timepoints during the first 
NAC cycle (Figure 1A). Further relevant criteria for 
eligibility were normal cardiac function (left 
ventricular ejection fraction of 55%), no evidence of 
distant disease or known or suspected cardiac disease, 
no diabetes, liver problems, or renal dysfunctions, no 
previous thromboembolic event, no known 
hemorrhagic diathesis or coagulopathy, no major 
surgery within the past 28 days or anticipation of the 
need for major surgery during the study, and no 
concurrent treatment with other anti-coagulant, 
anticancer, or investigational agents [4]. The study 
was performed in accordance with the Helsinki 
Declaration and was approved by the Ethics 
Committee of Harbin Medical University. 

Reagents  
Bovine serum albumin (BSA), DOX, and 

ethylenediaminetetraacetic acid (EDTA) were 
procured from Sigma-Aldrich (MO, USA). 
4’,6-diamidino-2-phenylindole (DAPI) was purchased 
from Beyotime (Shanghai, China). Alexa Fluor 488- or 
647-conjugated lactadherin or annexin V and 
fluorescein-labeled fibrinogen were prepared 
in-house. Human factors prothrombin, Va, VIII, IXa, 
X, and Xa and thrombin were procured from 
Haematologic Technologies (VT, USA). Monoclonal 
antibodies against CD31, CD41a, CD142, and mucin 1 
(MUC1) were procured from Becton Dickinson 
Biosciences (CA, USA). The human TNBC cell line 
MDA-MB-231 and MCF-7 was a gift from Dr. James 
O’Kelly (CA, USA). Anti-VE-cadherin, human 
umbilical vein endothelial cells (HUVECs), EC growth 
medium, and poly-L-lysine were purchased from 
Abcam (Stamford, CT). Anti-β-actin antibodies were 
obtained from Sigma-Aldrich (St. Louis, Missouri). 
Methamphetamine (TRITC)-phalloidin and 
fluorescein isothiocyanate-phalloidin were purchased 
from Shanghai Yu Sheng (Shanghai, China). Fetal 
bovine serum was obtained from Gibco (NY, USA).  

Cell preparation and MPs collection 
Peripheral blood was extracted using a needle 

(21 gauge) and collected at 4 timepoints (Figure 1A) in 

a 5 mL tube with sodium citrate (3.8%). After 
collection, all specimens were centrifuged at 200 × g at 
room temperature for ~15 min. Platelet-rich plasma 
was extracted and further diluted with modified 
Tyrode’s buffer (137 mM NaCl, 1 mM MgCl2, 2.7 mM 
KCl, 11.9 mM NaHCO3, 5.5 mM glucose, 5 mM 
HEPES, 0.42 mM NaH2PO4, 0.35% BSA, pH 7.4). The 
specified Tyrode’s buffer was supplemented with 1 
mM EDTA. After extracting the plasma, the platelets 
were centrifuged at 1000 × g for 5 min and 
resuspended in Tyrode’s buffer. Platelet count was 
measured using a blood cell counter. 

MPs were isolated following previously 
described methods [20]. The blood samples were 
centrifuged at 1500 × g for 20 min at room 
temperature. The upper layer of plasma was extracted 
and subjected to centrifugation at 13000 × g for 2 min 
in order to get rid of residual platelets. Platelet-free 
plasma (PFP) was obtained, snap-frozen in liquid 
nitrogen, and then stored at –80 °C until use. To 
isolate MPs, 250 μL of cryo-stored PFP was thawed on 
ice for 1 h and centrifuged at 20,000 × g for ~45 min at 
20 °C. Subsequently, 225 μL of supernatant, which 
was practically free of MPs, was discarded. The 
remaining 25 μL of the pellet was washed once with 
Tyrode’s buffer, centrifuged, and resuspended in 
Tyrode’s buffer for flow cytometry to assess the 
source and quantity of MPs.  

BCMPs were isolated from conditioned media 
from confluent MDA-MB-231 and MCF-7 cells by 
differential centrifugation, as previously described 
[42-44]. The control cells were grown over with 
serum-free medium (SF) without any additional 
supplements. MDA-MB-231 and MCF-7 cells were 
resuspended at 5 × 105 cells/mL and then treated with 
0.5, 1, or 2 μM of DOX for 24 h at 37 °C. The 
supernatant was collected and centrifuged at 1000 × g 
for ~10 min, then at 14,000 × g for 2 min at 4 °C, and 
again at 14,000 × g for 60 min. Through the first and 
second centrifugation steps, floating impurities were 
removed, whereas the third centrifugation step 
sedimented the MPs. The pellets were washed three 
times with phosphate-buffered saline (PBS) and 
further resuspended in either PBS or SF. The obtained 
BCMPs were stored at –80 °C until further use.  

FVa/FXa binding and fibrin formation on 
BCMPs and cultured cells 

As described previously, to observe the 
contribution of BCMPs to fibrin formation, BCMP 
suspensions (2.5 × 104 or 5.0 × 104/μL) were incubated 
with prewarmed MP-depleted plasma (15%) in the 
presence of 3 mM of calcium. Fibrin networks were 
imaged by scanning electron microscopy (SEM) and 
laser confocal microscopy in the presence of Alexa 
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Fluor 647-conjugated fibrin antibody. Background 
signal was calculated using a similarly labeled 
isotype-matched control antibody. Cells and nuclei 
were visualized by actin staining with fluorescein 
isothiocyanate-phalloidin (1 μg/mL) and DAPI (300 
nM), respectively. BCMPs were stained with Alexa 
Fluor 488-labeled lactadherin and Alexa Fluor 
647-labeled annexin V and imaged. In addition, fibrin 
formation was quantified by turbidity as previously 
described [45]. Isolated BCMPs or cultured 
platelets/ECs were added to re-calcified (10 mM, 
final) MP-depleted plasma (88%, final) in the absence 
or presence of 128 nM lactadherin or 25.6 μg/mL TF 
antibody. Fibrin formation was measured by turbidity 
at 405 nm using a SpectraMax 340 PC plate reader. 

Rate of fibrinolysis 
Fibrin clots were formed as described above with 

some modifications [46]. Plasminogen was added to 
the fibrinogen before addition of thrombin and either 
tissue plasminogen activator (tPA) or urokinase 
plasminogen activator in the presence or absence of 
BCMPs. Because the turbidities were far higher in the 
presence of BCMPs, data were normalized based on 
maximal turbidity.  

Clotting times of BCMPs and platelets 
A one-stage recalcification assay was carried out 

to measure the clotting times of platelets and BCMPs 
and was analyzed further using a STart4 
coagulometer (Diagnostica Stago) [21]. To complete 
the assay, 100 µL of cell suspension in Tyrode’s buffer 
was incubated in 100 µL of PFP for ~3 min at 37 °C. 
The cells were activated using 100 µL of warmed 
CaCl2 (1.5 mM, final) and clotting time was measured.  

Tail bleeding test  
Tail bleeding time was measured in adult (3–4 

months old) male and female wildtype mice (Beijing 
Vital River Laboratory Animal Technology Co. Ltd) as 
described previously [48] with some modifications. 
The animal experiments were approved by 
institutional ethics. After anesthesia, a standardized 
incision was made on the central dorsal tail vein and 
then the tail was immersed in PBS at 37 °C. The time 
was recorded from the moment blood was observed 
to emerge from the wound until cessation of blood 
flow.  

EC reconstitution experiments 
Sequential stimulation of HUVECs was achieved 

until confluency using EC growth medium. Once 
confluent, the ECs were stimulated with isolated 
BCMPs at 2.5–5.0 × 104/μL for 8, 16, and 24 h at 37 °C. 
After incubation, the cells were immunostained using 
previously described procedures with some 

modifications [49]. Adhesion junctions were stained 
using an anti-VE-cadherin stain. HUVECs were 
seeded on coverslips precoated with fibronectin at a 
seeding density of 3 × 105 cells/coverslip. Cellular 
confluency was achieved after 4–6 days through 
addition of EC growth basal medium with BCMPs. 
After stimulating the BCMPs, the cells were gently 
washed with PBS once and fixed using 4% 
paraformaldehyde for ~15 min. The cells were 
permeabilized with 0.1% Triton X-100 for ~15 min. 
After permeabilization, 2% BSA was added as a 
blocking buffer for ~30 min. The samples were 
incubated overnight at 4 °C with VE-cadherin 
antibodies at a dilution of 1:100. The cells were 
washed three times with PBS and incubated for 1 h at 
room temperature with Alexa Fluor 488-conjugated 
mouse anti-rabbit antibodies at a dilution of 1:200. 
The cells were stained with TRITC-phalloidin (5 µL of 
methanol stock solution in 200 µL of PBS) for 10 min 
and DAPI for another 5 min. The slides were mounted 
using ProLong Gold Antifade Reagent (Shanghai, 
China). Each test was performed in triplicate.  

Additional methods 
The methods for flow cytometry, SEM, TEM, 

confocal microscopy, platelet isolation from human 
blood, assays for extrinsic and intrinsic FXa and 
prothrombinase activity (following previously 
described methods [47]), and assays for 
thrombin-antithrombin complex (TAT), endothelium 
permeability, and EC barrier function are presented in 
detail in Supplementary Methods.  

Statistical analysis 
Data is presented as mean ± standard deviation 

(SD) of at least triplicate measurements. Statistical 
analysis was performed with Student’s t-test or 
ANOVA, as appropriate. P < 0.05 was statistically 
significant.   

Results 
Expression of BCMPs and PCA enhancement 
in patient plasma after NAC 

The characteristics of the patients before NAC 
are listed in Table 1. In comparison with the control 
group, the breast cancer group exhibited increased 
prothrombin time (PT) and activated partial 
thromboplastin time (aPTT) and increased levels of 
fibrinogen and D-dimer (Table 1). Further, we 
measured the PCA of the patients 0, 1, 2, and 6 days 
after NAC, as depicted in Figure 1A. The clotting time 
was considerably shorter on days 1 and 2 but returned 
to baseline on day 6 (Figure 1B). In contrast, the level 
of TAT in the plasma significantly increased on days 1 
and 2 and decreased on day 6 (Figure 1C). BCMP 
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marker expression greatly increased on days 1 and 2 
and reduced considerably on day 6 (Figure 1D). These 
clinical observations indicate a potential relationship 
between BCMP function and the procoagulation 
system. Ultrasound is an important tool for assessing 
the efficacy of NAC in TNBC. NAC-induced tumor 
cellular apoptosis is indirectly supported by evidence 
of tumor shrinkage (Fig 1E, left), a drop in tumor 
stiffness (Fig 1E, middle and right), and 
improvements in symptoms. 

Elevated PS exposure, BCMP generation, and 
PCA of BCMPs  

Changes in the PCA of BCMPs within the first 
cycle of NAC were evaluated on days 0, 1, 2, and 6. 
Flow cytometry analysis with lactadherin and MUC1 
antibody further revealed the expressions of PS and 
MUC1, respectively (Table 2). These results further 
confirmed that the level of BCMPs on day 1 was 
elevated 10-fold and was highest on day 2 (Figure 
1D). This led us to believe that patients express high 
levels of BCMP-associated PCA at 24 h after NAC, 
which is significantly reduced within one week. This 
profile is associated with prothrombic state as a key 
indicator, with BCMPs playing a crucial role. In 
addition, a relatively limited number of TF+ MPs and 
abundant PS+ MPs were observed within the first 
cycle (Table 2). To further explore their function, we 
simulated an in vivo chemotherapy environment to 
obtain BCMPs and conducted in vitro and in vivo 
experiments. 

 

 
Figure 1. Clotting time and TAT in patients with TNBC undergoing NAC. (A) 
Flow chart of the study design. Peripheral venous blood was obtained on days 0, 1, 2, and 6 
in the first NAC cycle. Stiffness parameters derived from shear wave elastography (SWE) 
images were also measured at the same timepoints (E0, E1, E2, E6). Percentage changes in 
maximum elasticity (Emax) and mean elasticity (Emean) relative to baseline (ΔE) were calculated 
on days 1, 2, and 6. (B) Clotting time of whole blood. (C) TAT level in serum. (D) Fold 
change in MUC1+ MPs. (E) Largest diameter, Emax, and Emean of tumors. *P < 0.05, #P < 0.01 vs. 
Day 0 by Student’s t-test. Abbreviations: BCMPs, breast cancer cell-derived microparticles; 
DOX, doxorubicin; NAC, neoadjuvant chemotherapy; TAT, thrombin-antithrombin 
complex. 

Table 1. Characteristics of healthy control individuals and 
patients with TNBC undergoing NAC. 

 Control         
(n = 20) 

TNBC (n = 18)  
Day 0 Day 1 Day 2 Day 6 

Age (y)  53.1±8.3 50.1±10.8 - - - 
BMI (kg/m2) 28.2±3.9 29.3±5.1 - - - 
Smoking,         
n (%) 

6 (30) 9 (36) - - - 

Dyslipidemia, 
n (%) 

2 (10) 6 (24) - - - 

Hypertension, 
n (%) 

2 (10) 5 (20) - - - 

PT (s) 11.80±1.83 12.10±1.13 12.88±1.42 12.43±1.21 12.10±1.32 
aPTT (s) 22.50±3.42 27.50 ±3.22** 28.49±3.06 29.29±2.19 27.23±2.41 
TT (s) 18.80± 0.16 20.22±0.31* 22.31±1.29## 21.31±1.98 19.12±0.46 
D-dimer 
(ng/mL) 

283±14 629±45** 738±42## 793±32 608±49 

Fibrinogen 
(g/L) 

2.65±0.75 4.9±0.45** 5.69±0.63# 6.29±0.49 4.8±0.56 

Abbreviations: BMI: body mass index; PT, prothrombin time; aPTT, activated 
partial thromboplastin time; TT, thrombin time; TNBC, triple-negative breast 
cancer. *P < 0.001, **P < 0.0001 vs. Control; #P < 0.001, ##P < 0.0001 vs. Day 0. 

 

Table 2. Flow cytometry analysis of circulating MPs in 
healthy control individuals and patients with TNBC 
undergoing NAC. 

Origin of lactadherin+ 
MPs (/μL) 

Control Breast cancer 
Day 0 Day 1 Day 2 Day 6 

Lactadherin+ MPs 2061 ± 124 2861 ± 237* 3630 ± 632# 4332 ± 654 2960 ± 206 
Breast cancer cells 
(MUC1) 

- 54 ± 10* 430 ± 111# 830 ± 125 330 ± 70# 

Platelets (CD41a+) 1035 ± 195 1528 ± 225* 2073 ± 422# 2243 ± 391 1728 ± 205 
ECs (CD31+ CD41a-) 89 ± 24 219 ± 46* 303 ± 72# 333 ± 52 300 ± 41# 
TF+ MPs (CD142+) 18 ± 4 23 ± 5* 104 ± 3# 146 ± 4 26 ± 3 

Abbreviations: ECs, endothelial cells; MPs, microparticles; TF, tissue factor. #P < 
0.0001 vs. Day 0; *P < 0.0001 vs. Control. 

 

Collection and characterization of BCMPs 
TNBC MDA-MB-231 cells were incubated with 

various concentrations of DOX for 8–24 h to obtain 
BCMPs after in vitro NAC. Cells treated with SF were 
smooth with slender microvilli and intact 
intracytoplasmic structures and nuclei (Figure 2A–B). 
Similar treatment of MDA-MB-231 cells with 0.1 μM 
of DOX did not induce obvious apoptotic signals 
other than that present in control cells. In comparison, 
cells incubated with 0.5 μM of DOX exhibited fewer 
microvilli (Figure 2C–D). Cells treated with 1 μM and 
2 μM of DOX were considerably smaller as well as 
rounder in shape compared to control cells, further 
suggesting apoptosis. SEM and TEM observation 
further revealed the possibility of BCMP expression 
around the cells after DOX treatment at 1 μM (Figure 
2E–F, arrow) and 2 μM (Figure 2G–H, arrow). Thus, in 
the groups treated with the higher concentrations of 
DOX, apoptosis significantly increased (Figure 2I). 
Further, MDA-MB-231 cells undergoing apoptosis 
had well-defined cytoplasm, nuclear condensation, 
vacuolization of cytoplasm, and formation of 
considerable BCMPs. As many as 15.76 × 108 BCMPs 
were yielded from 1 × 107 MDA-MB-231 cells treated 
with 2 μM of DOX for 24 h. Besides MDA-MB-231 
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cells, the human breast cancer cell line MCF-7 also 
produced MPs after DOX treatment (data not shown), 
suggesting that cancer cells may indeed generate 
BCMPs in response to chemotherapy. We found that 2 
μM of DOX caused >11.3-fold release of BCMPs from 
the tumor cell lines (Figure 2I) compared to the 
untreated group, as shown in Figure 2G. This 
observation further indicated that DOX can stimulate 
apoptotic signals in a dose-dependent manner along 
with increased formation of BCMPs (at 1 and 2 μM). 

The collected BCMPs were between 100 nm and 1 μm 
in diameter, which is different from exosomes and 
apoptotic bodies. There was no significant difference 
in their mean size between DOX-induced and 
SF-induced groups (Figure 2K, Figure S1). The BCMPs 
were found to shorten the clotting time of patient 
plasma in a dose-dependent manner (Figure 2L). At 
various in vitro concentrations (< 8 × 104/μL), the 
pro-coagulant activity of isolated BCMPs was higher 
than that of circulating MPs in patients (Figure 2L).  

 
 

 
Figure 2. Ultrastructure of DOX-treated MDA-MB-231 cells. SEM and TEM images of MDA-MB-231 and MCF-7 cells incubated for 24 h with 0 (A, B), 0.5 (C, D), 1 (E, F), or 2 (G, H) 
μM of DOX. BCMPs are indicated by arrows. Scale bars represent 2 μm. (I) Apoptosis rate of MDA-MB-231 cells after DOX treatment. *P < 0.001 vs. SF by two-way ANOVA. Number (J) 
and size (K) of isolated BCMPs. *P < 0.001 vs. Control by two-way ANOVA. (L) Dose-dependent acceleration of plasma clotting time induced by total MPs and BCMPs (n =3). *P < 0.001 vs. 
No MPs by repeated measures ANOVA. Abbreviations: BCMPs, breast cancer cell-derived microparticles; DOX, doxorubicin; MPs, microparticles; SEM, scanning electron microscopy; SF, 
serum-free medium; TEM, transmission electron microscopy. 
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Figure 3. PS+ BCMPs were procoagulant. TEM (A, left) and SEM (A, right) images of BCMPs. (B, left) Confocal microscopy images of BCMPs co-stained with lactadherin (red) and annexin 
V (green) with colocalization indicated in yellow. (B, right) Confocal microscopy images of BCMPs co-stained for FVa (green) and FXa (red) with colocalization indicated in yellow. (C) SEM 
images of fibrin production by BCMPs in the presence of recalcified MP-depleted plasma with or without lactadherin. (D) Confocal microscopy images of fibrin production (red) by BCMPs 
(green). The BCMP clot contains BCMPs (arrowheads) on the surface of fibers (arrows) with increased branching points. (E) Fibrin area in the microscope field of view from D calculated using 
Image J. *P < 0.05 by Student’s t-test. (F) Time to attain 50% lysis of the formed fibrin clots, defined as the time elapsed from the maximal to half maximal absorption value at 405 nm (Lys 50MA). 
(G) Schematic illustration of an in vivo functional assay in which wildtype mice were injected with saline or 2.5 × 104/μL BCMPs and then a tail vein bleeding test was performed. The total 
bleeding time (H), clotting time (I), and fibrinogen levels (J) were measured (n = 6; 3 independent experiments). *P < 0.05 vs. Saline by Student’s t-test. (K) Fluorescence microscopy images of 
dilated vessels in kidneys from BCMP-injected mice showing extensive fibrin deposition (arrowheads, right) compared with saline-injected mice (left). Images are representative of 6 mice in 
each group. (L) Fibrin area in the microscope field of view from K calculated using ImageJ. *P < 0.05 by Student’s t-test. Abbreviations: AnnV, annexin V; BCMPs, breast cancer cell-derived 
microparticles; Ctrl, control; DOX, doxorubicin; Lact, lactadherin; SF, serum-free medium. 

 

PS exposure on BCMPs supports formation of 
fibrin and facilitates assembly of 
prothrombinase  

The isolated BCMPs were not generated by 
background noise or nonspecific events and showed 
well-preserved membranes and intraluminal content 
(Figure 3A). Electron microscopy supported the 
expression of MPs with variable sizes by 
MDA-MB-231 cells, ranging from 100 to 1000 nm. 
Confocal analysis further confirmed exposure of PS 
on the surface of BCMPs by co-staining with 

lactadherin and annexin V (Figure 3B, left). 
Fluorescence labeling of FVa and FXa on BCMPs was 
performed in order to assess whether PS exposure 
directly correlated with local PCA by facilitating 
prothrombinase assembly. It can be concluded that 
MPs offer the best biological surface for binding, 
which was evident through colocalization of bound 
FVa and FXa on BCMPs (Figure 3B, right). This 
surface was most likely achieved through 
externalization of PS. We further sought to explore 
whether BCMPs promote the formation of fibrin clots 
in a similar manner to that of cellular PCA. This was 
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determined by incubating BCMPs with normal 
recalcified MP-depleted plasma and evaluating fibrin 
production by SEM (Figure 3C) and anti-fibrin 
staining (Figure 3D). After analysis, a large amount of 
fibrin was observed to be spread around the BCMPs 
(Figure 3E). The higher the concentration of BCMPs, 
the higher the average fibrin density. Further, the 
density of the fibrin network was found to be higher 
in areas near the BCMPs, which indirectly proposes 
the formation of fibrin through exposed PS. Based on 
these changes in fibrin structure, we evaluated the 
impact of BCMPs on tPA-induced lysis of fibrin made 
from purified fibrinogen in the presence of 
plasminogen. The time to attain 50% lysis of the fibrin 
clots was prolonged in the presence of increasing 
concentrations of BCMPs (Figure 3F). In addition, 
incubation of BCMPs with lactadherin or TF antibody 
lowered the formation of fibrin to different levels 
(Figure S2), suggesting that BCMPs can induce high 
PCA, which can be reduced by TF antibody and 
markedly inhibited by lactadherin. Combined with 
these in vitro findings, isolated BCMPs injected into 
mice (Figure 3G) induced a hypercoagulable state 
within 30 min, characterized by shortened bleeding 
(Figure 3H) and clotting (Figure 3I) times, decrease 
level of plasma fibrinogen (Figure 3J), and increased 
fibrin deposition in the kidney vasculature (Figure 
3K–L). Lactadherin reversed these changes and the 
hypercoagulable state (Figure 3H). 

Effects of BCMPs on platelets 
The expression of PS on BCMPs may explain 

why PCA was enhanced by MPs. However, it left 
unexplained why relatively few BCMPs could induce 
considerable thrombotic trends, as shown in Figure 
2L. One possibility is that blood cells stimulated by 
BCMPs convert to a new phenotype that is also 
procoagulant. To test this hypothesis, in vitro assays 
were conducted to study the effect of BCMPs on the 
PCA of platelets. 

Platelets isolated from healthy subjects were 
treated with various concentrations of BCMPs. In the 
control samples, the round platelet shape was 
retained (Figure 4A, left). After treatment with 
BCMPs, the number of platelet MPs increased in 
comparison to the untreated control group, further 
indicating that BCMPs are responsible for inducing 
activation of platelets and associated apoptosis along 
with higher PCA. SEM further revealed that the 
platelets were stimulated by high-dose treatment of 
BCMPs, with pseudopodia extensions and apoptosis 
being observed (Figure 4A, right). These results were 
consistent with those obtained through confocal 
microscopy (Figure 4B). At concentrations of BCMPs 
greater than 1.0 × 104/μL (Figure 4C, right) there was 

a significant increase in the formation of intrinsic FXa, 
which further promoted the formation of BCMPs at 
greater than 2.5 × 104/μL. Although a very small 
increase in extrinsic FXa was observed upon platelet 
treatment with BCMPs, PCA was found to increase in 
a dose-dependent manner, resulting in increased 
fibrin (Figure 4C, left) and decreased coagulation time 
(Figure 4C, middle).  

 
Figure 4. Effect of BCMPs on platelets. (A) SEM images of quiescent (left) and activated 
(right) platelets. (B) Confocal microscopy images of quiescent (left) and apoptotic (right) 
platelets stained with lactadherin (green). (C) Fibrin formation, coagulation time, and protein 
production of intrinsic/extrinsic FXa and thrombin by platelets treated with BCMPs (n = 3). 
*P < 0.05, **P < 0.01, #P < 0.001 vs. No BCMPs by Student’s t-test. (D) Confocal microscopy 
images of CD41a exposure (red) on platelets incubated with MDA-MB-231 BCMPs for 6 h. 
(E) Confocal microscopy images of platelets incubated with MDA-MB-231 BCMPs for 6 h 
and stained with lactadherin (green) and annexin V (blue). Quiescent platelets (white 
arrowhead), activated platelets (white arrow), and apoptotic platelets (yellow arrow) are 
marked. (F) Flow cytometry results of washed platelets (1 × 108/mL) incubated with BCMPs 
for 6 h. Platelet-derived MPs are indicated in the green histogram trace. (G) Fibrin 
formation, thrombin level, and clotting time of platelets incubated with BCMPs and treated 
with lactadherin or TF antibodies (n = 3). *P < 0.01, #P < 0.05 vs. PBS by Student’s t-test. (H) 
Aggregation velocity of platelets incubated with BCMPs and treated with lactadherin. Data 
from the control group are represented by the dotted line (n = 3). *P < 0.01 vs. PBS by 
Student’s t-test. Abbreviations: AnnV, annexin V; BCMPs, breast cancer cell-derived 
microparticles; FITC, fluorescein isothiocyanate; FXa, factor Xase; Lact, lactadherin; PBS, 
phosphate-buffered saline. 
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Figure 5. BCMPs converted ECs to a procoagulant phenotype and compromised endothelial monolayer integrity. HUVECs were incubate with or without BCMPs (5.0 × 
104/μL) for 24 h. (A) SEM images of grasped (bottom, left arrow) and internalized (bottom, right arrow) target BCMPs by HUVECs. (B) SEM images showing the morphology of HUVECs 
incubated without (top) or with (bottom) BCMPs. BCMPs with a spherical structure were pseudocolored pink. (C) Confocal microscopy images of HUVECs stained with Alexa Fluor 
488-conjugated CD31 antibody. (D, top) SEM image of HUVECs with extending pseudopodia. (D, bottom) Confocal microcopy image of PS exposure on HUVEC filopods (arrows) by annexin 
V (red) and lactadherin (green) co-staining. (E, top) Confocal microscopy images of colocalized (yellow) FVa (green) and FXa (red) on filopods near the retracted margins of HUVECs and on 
newly formed thin filaments. (E, bottom) Confocal microscopy images of HUVECs pretreated with DOX-induced BCMPs and incubated with healthy plasma showing considerable fibrin strand 
formation arranged radially along the filopodia to create a fibrin network (arrowhead). (F) Fibrin production on BCMP-cultured ECs in the presence of recalcified MP-depleted plasma (n = 3). 
(G) Kinetics of PS exposure on HUVECs in response to BCMPs with or without lactadherin (128 nM) or TF antibody (25.6 μg/mL) (n = 3). (H) Schematic illustration of the co-incubation assay. 
(I) Confocal microscopy images of HUVEC monolayer stained with DAPI (blue) and CD31 (green) following treatment with BCMPs for 8, 16, or 24 h to induce leakiness (red arrowheads). 
(J) Relative expression of CD31 on HUVECs stimulated with BCMPs for 24 h measured by immunofluorescence imaging (n = 3). Expression is indicated by mean fluorescence intensity (MFI). 
*P < 0.05 by Student’s t-test. (K) VE-cadherin expression on HUVECs stimulated with BCMPs for 24 h and treated with lactadherin measured by flow cytometry (n = 3). *P < 0.05, **P < 0.01 
by paired Student’s t-test. Abbreviations: AnnV, annexin V; anti-TF, tissue factor antibody; BCMPs, breast cancer cell-derived microparticles; ECs, endothelial cells; Lact, lactadherin. 

 
Platelets isolated from healthy subjects and 

patients were stimulated with high (5.0 × 104/μL) and 
low (2.5 × 104/μL) concentrations of BCMPs for 6 h. 
Structural analysis of the platelets by confocal 
microscopy revealed that they underwent 
morphological changes and had become fragmented 
as well as crenulated (Figure 4D–E, arrows). Platelets 
in the high dose groups showed greater exposure of 
PS and formed extracellular vesicles (Figure 4E, 
bottom). The platelet MPs were radially scattered 
around activated platelets (Figure 4E, yellow arrow). 
Similarly, flow cytometry analysis showed that CD41a 
expression was greatly increased in the high dose 
groups (46.7%) compared to the low dose groups 
(24.4%) (Figure 4F).  

Effects of TF antibody and lactadherin on PCA 
We next determined the blocking effect of TF 

and PCA on platelets after BCMPs treatment. Platelets 
were incubated with 2.5 × 104 or 5.0 × 104/μL of 
BCMPs for 1 h, treated with TF antibody, lactadherin, 
or PBS, and then coagulation time, extent of thrombin 

production, and fibrin generation were measured. 
Treatment with TF antibody and lactadherin reduced 
the production of fibrin (Figure 4G, left) as well as 
thrombin (Figure 4G, middle) and prolonged 
coagulation time (Figure 4G, right). Because it also 
blocks PS, lactadherin inhibited platelet PCA by more 
than 60%. Therefore, while the TF antibody alleviated 
BCMP-induced PCA, lactadherin caused greater 
inhibition (Figure 4G). The enhanced PCA was related 
to increased fibrin and decreased coagulation time 
and platelet aggregation velocity (Figure 4H), which 
were all reversed by lactadherin (Figure 4G–H). 

BCMPs trigger domino-like PS exposure on 
HUVECs  

To analyze the effect of BCMPs on EC viability 
and apoptosis, a high concentration of BCMPs (5.0 × 
104/μL) was added to cultured HUVECs for 24 h. The 
BCMPs were trapped (Figure 5A, bottom left, arrow) 
and internalized (Figure 5A, bottom right, arrow) 
through the extension of pseudopodia from HUVECs. 
We further observed that PS exposure on HUVECs 
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was increased by BCMP induction. SEM pinpointed 
effective structural changes such as retraction of 
cellular edges as well as increased generation of 
filopodia (arrows) after stimulation by BCMPs 
(arrowheads) (Figure 5B). To improve contrast, the 
BCMPs were pseudocolored pink (Figure 5B, Bottom). 
Results from confocal microscopy were similar 
(Figure 5C). To detect PS expressed on the 
pseudopodia, the HUVECs were co-stained with 
Alexa Fluor 488-annexin V and Alexa Fluor 
647-lactadherin. PS exposure was apparent on the 
filopodia as well as some localized areas of the 
HUVECs (Figure 5D). ECs activated by BCMPs may 
provide a supplementary procoagulant surface due to 
PS exposure. HUVECs incubated with BCMPs (5.0 × 
104/μL) showed increased production of thrombin 
and other complexes like extrinsic and intrinsic FXa in 
comparison to cells treated with SF, confirming this 
hypothesis. In addition, integrated PCA was 
evaluated in HUVECs using a fibrin generation assay 
and by coagulation time. A significant fraction of 
bound FXa and FVa were colocalized, as observed by 
confocal microscopy (Figure 5E, upper). This result 
indicates that cells cultured with BCMPs offer 
biological support to facilitate binding of coagulation 
factors, most evidently through externalized PS. As 
expected, HUVECs treated with BCMPs formed 
massive amounts of fibrin (Figure 5E, lower), which 
further enhanced clotting. The contributions of TF and 
PS were further assessed using a fibrin generation 
assay on BCMP-treated HUVECs preincubated with 
TF antibody and lactadherin. Interestingly, fibrin 
generation (Figure 5F, Figure S3) and PS+ ECs (Figure 
5G) were found to be decreased slightly by TF 
antibody but significantly by lactadherin.  

BCMPs compromise endothelial monolayer 
integrity and increase transendothelial 
migration  

BCMPs (2.5 × 104 or 5.0 × 104/μL) were added to 
cultured ECs for various incubation times. 
Morphological changes to the ECs and rupture of 
tight junctions occurred simultaneously with PS 
exposure. HUVECs incubated with 2.5 × 104 BCMPs 
for 16 or 24 h had altered morphology and retracted 
from cell-cell junctions, but showed minimal changes 
at 8 h (Figure 5H–I). Consistent with this result, long 
incubation times triggered a marked increase in the 
retraction of cell margins compared with short 
incubation times (Figure 5I, red arrowheads). 
Additionally, both CD31 and VE-cadherin expression 
levels were significantly decreased on BCMP-treated 
HUVECs (Figure 5J–K). Pretreatment of PS+ BCMPs 
with lactadherin reduced the BCMP-induced loss of 
VE-cadherin expression (Figure 5K) and 

transendothelial gaps compared to untreated groups.  
We found that treatment of HUVECs with 

BCMPs increased PS+ HUVECs in a dose- and 
time-dependent manner (Figure 6A). To further 
characterize endothelial integrity, immuno-
fluorescence staining of VE-cadherin and F-actin was 
performed (Figure 6B). We found that the effects of 
BCMPs on HUVEC permeability may be due to 
transient disruption of VE-cadherin-based cell-cell 
adhesion. In the control group, stable junctions were 
marked by faint cortex F-actin, which were aligned by 
thick parallel actin bundles that did not overlap with 
VE-cadherin. In contrast, BCMP-treated (2.5 × 104 and 
5.0 × 104/μL) HUVECs showed structural aberrations 
such as uncontrolled actin polymerization and 
subsequent disassembly of VE-cadherin (Figure 6C–
D). BCMPs moderately increased the number of 
intercellular gaps, which was most prominent in the 
higher dose group (5.0 × 104/μL; Figure 6B, E). These 
data led us to believe that BCMPs increased 
endothelial junction disruption and raised 
cytoskeletal tension, which promoted vascular 
leakage in a dose- and time-dependent manner. Such 
leakiness in the endothelium may allow large 
numbers of BCMPs and a few circulating tumor cells 
to break into the blood stream, causing platelet 
activation, systemic vascular endothelium disruption, 
and potentially even distant metastasis. Interestingly, 
only the isolated SF-induced and DOX-induced 
BCMPs, but not the supernatants from the last wash, 
were cytotoxic (Figure 6E–F) and procoagulant 
(Figure S4, Figure S5), suggesting that the 
cytotoxic/procoagulant substance was within or 
adhered to the BCMP membrane and was not 
discharged from the BCMPs. This result is in line with 
the previous result in Figure 3A, which showed that 
the BCMPs were relatively stable.  

Lactadherin reverses BCMP-mediated 
prometastatic changes 

We investigated if BCMPs have a role in 
enhancing the migration of cancer cells across the 
endothelial barrier. Treatment of HUVECs with 
BCMPs resulted in a concentration-dependent 
enhancement in permeability (Figure 6F). We next 
performed a transwell permeability assay with 
HUVECs and MDA-MB-231 cells (Figure 6G). When 
BCMP-treated HUVECs were co-incubated with 
lactadherin, the extent of cancer cell migration was 
reduced (Figure 6H, green histograms). In vivo, even 
though both the BCMP-treated group and the control 
group received intravenous MDA-MB-231 cells, only 
the former had multiple metastases in the liver 
(Figure 7A, upper). There were more lung metastases 
in the BCMP-treated group than in the control group 
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(Figure 7A, lower), especially in the group treated 
with the higher concentration of BCMPs (Figure 7B). 
Consistent with the in vitro results, the 
lactadherin-treated group had fewer metastases. All 

these in vitro and in vivo results indicate that BCMPs 
induced leaky vasculature that led to easier 
extravasation of cancer cells.  

 

 
Figure 6. Breast cancer cells exploited the increased endothelial permeability induced by BCMPs. (A) Proportion of lactadherin-positive ECs in HUVECs incubated with BCMPs 
(n = 3). *P < 0.05, #P < 0.01 by Student’s t-test. (B) Immunofluorescence images of HUVEC monolayers incubated with BCMPs for 24 h. The cells were stained with DAPI (blue) and for 
VE-cadherin (green) and F-actin (red). Arrows point to leaky HUVECs. (C) Relative expression of VE-cadherin on HUVECs incubated with BCMPs for 24 h measured by immunofluorescence 
imaging. Expression is indicated by mean fluorescence intensity (MFI). *P < 0.05 by Student’s t-test. (D) Western blots of VE-cadherin expression in HUVECs incubated with BCMPs. (E) Size 
distribution of intercellular gaps in HUVEC monolayers stimulated with various treatments (n = 200 gaps from 10 glass coverslips). ***P < 0.001 vs. SF, ###P < 0.001 vs. 5.0 × 104/μL BCMPs by 
two-way ANOVA. (F) Permeability of HUVEC monolayers stimulated with various treatments for 24 h (n = 6). Lact + BCMPs: lactadherin + 5.0 × 104/μL BCMPs. ***P < 0.001 by Student’s t-test. 
(G) Schematic illustration of the migration assay. Monolayer HUVECs were stimulated with SF or BCMPs and then incubated with MDA-MB-231 cells in the presence or absence of lactadherin. 
(H) Number of migrated MDA-MB-231 cells. *P < 0.05, #P < 0.01 by Student’s t-test. Abbreviations: BCMPs, breast cancer cell-derived microparticles; ECs, epithelial cells; OD, optical density; 
SF, serum-free medium; Lact, lactadherin. 



Theranostics 2021, Vol. 11, Issue 13 
 

 
http://www.thno.org 

6456 

 
Figure 7. BCMPs increased metastasized tumor burden in the liver and lungs in a dose-dependent manner. (A) H&E-stained histological images of liver and lung tissues from 
mice treated with BCMPs or lactadherin and injected with MDA-MB-231 cells. Tumors are indicated by yellow and red arrowheads. The images are representative of three mice. Scale bars 
represent 200 μm. (B) Quantification of metastases in the liver and lung. ***P < 0.001 by Student’s t-test. Abbreviations: BCMPs, breast cancer cell-derived microparticles. 

 
Taken together, the above clinical, ex vivo, in 

vitro, and in vivo findings support the role of PS+ 
BCMPs in TNBC after NAC through stimulating 
activation of a local coagulation cascade and 
facilitating metastatic colonization of circulating 
cancer cells (Figure 8). Lactadherin diminished PCA 
and increased the rate of cancer cell clearance. 

Discussion  
We made four significant observations. Firstly, 

increased PS+ BCMPs was correlated with increased 
plasma PCA. Moreover, PCA was significantly 
inhibited by lactadherin, while the effect of TF 
antibody was minimal. Secondly, confocal 
microscopy showed PS exposure and colocalized 
deposition of FVa and FXa on isolated BCMPs. PS+ 
BCMPs activated platelets and induced scattered 
apoptosis, further facilitating high PCA. Thirdly, the 
isolated BCMPs exerted a strong effect on EC 
activation, further transforming them to a 
procoagulant phenotype. And lastly, PS+ BCMP- 
induced EC leakiness enabled cancer cell migration, 

while lactadherin reversed BCMP-mediated 
prometastatic changes. Thus, the collective in vivo 
evidence together with other cellular events clarified 
that PS+ BCMPs worsened the hypercoagulability 
state and cancer metastasis in a dose- and 
time-dependent manner. All these findings make PS+ 
BCMPs an attractive therapeutic target for the 
prevention of cancer-associated abnormal 
hypercoagulability and metastasis. 

Notably, 50% of patients treated with NAC still 
have residual tumor and comparatively poor 
outcomes such as formation of acute lower extremity 
deep venous thrombosis or tumor recurrence [50-55]. 
Underglycosylated MUC1 is overexpressed [56, 57] 
and present on MPs of epithelial breast cells in the 
majority of breast cancers [25, 40, 58]. There has been a 
degree of uncertainty and debate over whether 
BCMPs are capable of reaching adequate 
concentrations within the plasma milieu to elicit these 
profound effects on hemostasis. Our data revealed a 
prominent increase in the number of MUC1+ MPs 1 
day after NAC, suggesting that the body may not be 
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able to clear a large number of BCMPs efficiently. It is 
reasonable to assume that variations in their rate of 
generation or impairment of the mechanism of 
clearance may lead to accumulation of circulating 
procoagulant BCMPs, which would enhance or 
prolong their thrombotic effect in patients treated 
with NAC.  

The negative surface charge of the external 
leaflet of the MP membrane determines the targeting 
of proteins containing polycationic motifs, such as 
coagulation factors. Previous studies, including our 
own [23, 33], suggest that the unique negativity of the 
MP external leaflet is attributed, in part, to its high PS 
content. We used the PS probe lactadherin to study 
the distribution of PS. We previously found that 
lactadherin bound specifically to PS with a sensitivity 
10–100 times higher than that of annexin V [33]. Here, 
we further showed that DOX-induced BCMPs had 
increased PCA associated with PS exposure, which 
was blocked by lactadherin. We demonstrated ex vivo 
that PS+ BCMPs stimulated activation of platelets and 
apoptosis, facilitating the formation of thrombin, 
fibrin, and intrinsic FXa. In the coagulation cascade, 
the intrinsic and extrinsic pathways converge at FX 
activation, where one molecule of FXa results in the 
generation of 1000 molecules of thrombin [59]. FXa 
combined with FVa converts prothrombin into 
thrombin, which cleaves fibrinogen to form fibrin. 
Thus, increased FXa contributes to increased fibrin, 
leading to shortened coagulation times. Binding alters 
the structure of the fibrin clot, altering its 

susceptibility to degradation by fibrinolytic enzymes. 
In the present study, BCMP-treated platelets had 
significantly elevated PS exposure. Further blockade 
of platelet PS with lactadherin inhibited the 
production of thrombin and fibrin by ~60%. TF had 
relatively little effect on the PCA of BCMPs. In 
conclusion, accumulated PS+ BCMPs after NAC may 
stimulate activation and apoptosis of platelets, further 
contributing to the hypercoagulative state and 
complications associated with thrombosis in TNBC. 

Virchow’s triad, which explains the underlying 
physiological mechanisms in the pathogenesis of 
thrombosis, pinpoints concerted roles of platelet 
abnormalities, endothelium abnormalities, and 
restriction of blood flow in the development of arterial 
as well as venous thrombosis [40, 59]. Consistent with 
this understanding, co-incubation of HUVECs with 
BCMPs to mimic the in vivo conditions revealed 
significant dose- and time-dependent PS exposure on 
HUVECs, cytoskeletal tension, and EC leakiness. 
Compared with the ability of BCMPs or HUVECs to 
produce fibrin alone, HUVECs treated with BCMPs 
have the highest ability of fibrin formation. In 
addition, the distribution of PS+ BCMPs by confocal 
microscopy was irregular, punctate, and intermittent, 
while the distribution of PS on stimulated ECs was 
regular and continuous. These results indicate that 
BCMPs activated the PCA of HUVECs, rather than 
simply adhesion. More importantly, we demonstrated 
that HUVECs treated with PS+ BCMPs had co-bound 
FVa and FXa on their filopodia. PS acts as an anchor 

 
Figure 8. PS+ BCMPs exacerbated coagulation and cancer cell transendothelial migration in TNBC. Chemotherapy induced a massive release of PS+ BCMPs. PS exposure on 
BCMPs supported the formation of fibrin and facilitated the assembly of prothrombinase. At the same time, PS+ BCMPs activated the platelet system (B) and enhanced the procoagulant activity 
of ECs (C) to further build a hypercoagulable state. In addition, BCMPs destroyed EC junctions (D) and enabled distant cancer cell metastasis. However, lactadherin reversed these 
hypercoagulable and high metastatic states. Abbreviations: BCMPs, breast cancer cell-derived microparticles; DOX, doxorubicin; ECs, endothelial cells; PLTs, platelets; PS, phosphatidylserine; 
TF, tissue factor. 
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for the assembly of the prothrombinase complex, 
which converts fibrinogen to fibrin. Furthermore, the 
consistent PS and fibrin distribution suggests that 
HUVECs contributed to local coagulation directly via 
PS exposure. Thus, the results indicate that HUVECs 
were converted to a procoagulant phenotype and 
facilitated thrombosis. 

Transendothelial migration of cancer cells is 
central to the pathophysiology of metastasis. Even if 
the hepatic blood vessel is fenestrated (~20–250 nm 
wide), it may not be wide enough for cancer cell 
migration unless the endothelial barrier is damaged 
by BCMPs. The integrity of the EC monolayer is 
challenged by PS+ BCMPs due to degradation of 
VE-cadherin-based intracellular junctions and 
jumbling of the actin cytoskeleton [60]. Deactivation 
or genetic deletion of the adhesive function of 
VE-cadherin leads to enhanced vessel permeability 
[61], whereas increasing VE-cadherin-dependent 
adhesion protects the integrity of the endothelial 
barrier [62]. An impaired endothelium may present 
less of a challenge to a metastatic tumor cell trying to 
pass through the vessel wall. Therefore, BCMPs may 
facilitate entry of metastatic cells to previously 
inaccessible tissue sites. Our evidence suggests that 
BCMPs assist cancer cells in exiting circulation and 
create opportunities for cancer cell proliferation 
within sites of metastasis. Thus, BCMP-mediated EC 
dysfunction and/or morphology change facilitate 
both the hypercoagulable state and cancer cell 
transendothelial migration in malignant disease.  

Nearly all MPs (whether pathological or 
originating from activated healthy cells) display high 
PS exposure. However, PS+ BCMPs are released in 
large quantities only under pathological conditions or 
following intervention with external stimuli. In the 
condition of NAC, if the body cannot instantly 
eliminate the massive amounts of formed PS+ BCMPs, 
they will induce a domino-like effect. We prefer to 
define this situation as a PS+ BCMPs Storm because 
accumulated PS+ BCMPs result in a hypercoagulable 
state and a high extravasation state, which increase 
the risk of metastasis and death. In future treatment 
strategies, two steps should be considered: effective 
killing of tumors followed by blocking of PS+ BCMPs. 
De et al. reported a novel PS-targeting liposome 
bearing phosphatidylcholine-stearylamine and 
entrapping DOX that induced apoptosis and showed 
potent anticancer effects as a single agent against a 
majority of cancer cell lines [41, 42]. Similar strategies 
might both kill the tumor and directly mitigate MP 
release with a single treatment.  

This study has some limitations. Quantitation of 
PS+ BCMPs by flow cytometry is prone to variation; 
thus, preparation and analysis of clinical samples 

need to be standardized. In addition, the role of 
BCMPs is complex and pleiotropic; therefore, further 
study is needed to ascertain the molecular 
mechanisms underlying BCMP effects.  

Conclusions 
Interactions between BCMPs and biological 

systems may need to be considered when assessing 
cancer development with NAC. BCMPs can 
accumulate over long durations of chemotherapy, 
inducing a hypercoagulability state and worsening 
opportunistic metastases in new sites despite 
cessation of chemotherapy. Given the well-delineated 
side effects of BCMP-induced endothelial leakiness 
and hypercoagulability, an in-depth understanding is 
required to improve control of these negative 
phenomena. From another perspective, exploitation 
of BCMP-related endothelial leakiness may improve 
the delivery of liposomes to tumors. Lactadherin, a 
PS-binding scavenging molecule, may improve the 
clinical benefits of NAC. Our discovery of the 
mechanism underlying BCMP-driven 
hypercoagulability and enhanced cancer cell 
transendothelial migration can be exploited to 
develop efficient drug delivery approaches for a 
variety of cancer pathologies including, but not 
limited to, breast malignancies and cancer-associated 
thrombosis.  

Abbreviations 
aPTT: activated partial thromboplastin time; 

BCMPs: breast cancer cell-derived microparticles; 
BSA: bovine serum albumin; DOX: doxorubicin; ECs: 
endothelial cells; EDTA: ethylenediaminetetraacetic 
acid; FVa: factor Va; FXa: factor Xase; HUVECs: 
human umbilical vein endothelial cells; MPs: 
microparticles; MUC1: mucin 1; NAC: neoadjuvant 
chemotherapy; PBS: phosphate-buffered saline; PCA: 
procoagulant activity; PFP: platelet-free plasma; PS: 
phosphatidylserine; PT: prothrombin time; SEM: 
scanning electron microscopy; SF: serum-free 
medium; SWE: shear wave elastography; TAT: 
thrombin-antithrombin complex; TEM: transmission 
electron microscopy; TF: tissue factor; TNBC: 
triple-negative breast cancer; TRITC: 
tetramethylrhodamine; tPA: plasminogen activator; 
TT: thrombin time; VTE: venous thromboembolism.  

Supplementary Material  
Supplementary figures. 
http://www.thno.org/v11p6445s1.pdf  

Acknowledgements 
This work was supported by grants (81873433, 

81671697) from the National Science Foundation of 



Theranostics 2021, Vol. 11, Issue 13 
 

 
http://www.thno.org 

6459 

China. The authors would like to thank Harbin 
Medical University's key laboratory of hepatosplenic 
surgery ministry of education for technical assistance 
with the experiment. 

Contributions 
CZ and ZY designed the study, performed 

experiments, analyzed the results, made the figures, 
and wrote the paper. PZ, MY, BL, YL, JW and JJ 
carried out experiments. WL, HJ, JD, JT, ZZ, YC CZ 
and VA carried out data analysis. JS and CW obtained 
funding, designed the study, performed some 
experiments, analyzed the results and revised the 
manuscript. The final manuscript was read and 
approved by all the authors.  

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
 Gay LJ, Felding-Habermann B. Contribution of platelets to tumour metastasis. 1.

Nat Rev Cancer. 2011; 11(2): 123-34. 
 Lip GY, Chin BS, Blann AD. Cancer and the prothrombotic state. Lancet Oncol. 2.

2002; 3(1): 27-34. 
 von Minckwitz G, Eidtmann H, Rezai M, Fasching PA, Tesch H, Eggemann H, 3.

et al. Neoadjuvant chemotherapy and bevacizumab for HER2-negative breast 
cancer. N Engl J Med. 2012; 366(4): 299-309. 

 Symmans WF, Wei C, Gould R, Yu X, Zhang Y, Liu M, et al. Long-Term 4.
Prognostic Risk After Neoadjuvant Chemotherapy associated with residual 
cancer burden and breast cancer subtype. J Clin Ocol. 2017; 35: 1049-60. 

 Echeverria GV, Ge Z, Seth S, Zhang X, Jeter-Jones S, Zhou X, et al. Resistance 5.
to neoadjuvant chemotherapy in triple-negative breast cancer mediated by a 
reversible drug-tolerant state. Sci Transl Med. 2019: 11. 

 Gamucci T, Pizzuti L, Sperduti I, Mentuccia L, Vaccaro A, Moscetti L, et al. 6.
Neoadjuvant chemotherapy in triple-negative breast cancer: A multicentric 
retrospective observational study in real-life setting. J Cell Physiol. 2018; 
233(3): 2313-23. 

 Hisada Yohei, Mackman Nigel. Cancer-associated pathways and biomarkers 7.
of venous thrombosis. Blood. 2017; 130(13): 1499-506.   

 Walker AJ, West J, Card TR, Crooks C, Kirwan CC, Grainge MJ. When are 8.
breast cancer patients at highest risk of venous thromboembolism? A cohort 
study using English health care data. Blood. 2016; 127(7): 849-57. 

 Paulus Jessica K, Rosenberg Aaron S. Breast cancer and thrombosis: timing 9.
matters. Blood. 2016; 127(7): 793-4. 

 Lyman GH, Bohlke K, Khorana AA, Kuderer NM, Lee AY, Arcelus JI, et al. 10.
Venous thromboembolism prophylaxis and treatment in patients with cancer: 
American Society of Clinical Oncology clinical practice guideline update 2014. 
J Clin Oncol. 2015; 33: 654-6. 

 Smith RA, Andrews KS, Brooks D, Fedewa SA, Manassaram-Baptiste D, 11.
Saslow D, et al. Cancer screening in the United States, 2018: A review of 
current American Cancer Society guidelines and current issues in cancer 
screening. CA Cancer J Clin. 2018; 68: 297-316. 

 Karagiannis GS, Pastoriza JM, Wang Y, Harney AS, Entenberg D., Pignatelli J, 12.
et al. Neoadjuvant chemotherapy induces breast cancer metastasis through a 
TMEM-mediated mechanism. Sci Transl Med. 2017; 9(397). 

 Keklikoglou I, Cianciaruso C, Guc E, Squadrito ML, Spring LM, Tazzyman S, 13.
et al. Chemotherapy elicits pro-metastatic extracellular vesicles in breast 
cancer models. Nat Cell Biol. 2019; 21: 190-202. 

 Gould SJ, Raposo G. As we wait: coping with an imperfect nomenclature for 14.
extracellular vesicles. J Extracell Vesicles. 2013;2.  

 Mathieu M, Martin-Jaular L, Lavieu G, Thery C. Specificities of secretion and 15.
uptake of exosomes and other extracellular vesicles for cell-to-cell 
communication. Nat Cell Biol. 2019; 21(1): 9-17. 

 Jeppesen DK, Fenix AM, Franklin JL, Higginbotham JN, Zhang Q, 16.
Zimmerman LJ, et al. Reassessment of Exosome Composition. Cell. 2019; 177: 
428-45. 

 Li I, Nabet BY. Exosomes in the tumor microenvironment as mediators of 17.
cancer therapy resistance. Mol Cancer. 2019; 18(1): 32. 

 Jeppesen DK, Fenix AM, Franklin JL, Higginbotham JN, Zhang Q, 18.
Zimmerman LJ, et al. Reassessment of Exosome Composition. Cell. 2019; 
177(2): 428-45. 

 Valenti R, Huber V, Iero M, Filipazzi P, Parmiani G, Rivoltini L. 19.
Tumor-released microvesicles as vehicles of immunosuppression. Cancer Res. 
2007; 67(7): 2912-5. 

 Cao H, Yue Z, Gao H, Chen C, Cui K, Zhang K, et al. In vivo real-time imaging 20.
of extracellular vesicles in liver regeneration via aggregation-induced 
emission luminogens. ACS Nano. 2019; 13(3): 3522-33. 

 Wang L, Bi Y, Yu M, Li T, Tong D, Yang X, et al. Phosphatidylserine-exposing 21.
blood cells and microparticles induce procoagulant activity in non-valvular 
atrial fibrillation. Int J Cardiol. 2018; 258: 138-43.  

 Matsumura S, Minamisawa T, Suga K, Kishita H, Akagi T, Ichiki T, et al. 22.
Subtypes of tumour cell-derived small extracellular vesicles having differently 
externalized phosphatidylserine. J Extracell Vesicles. 2019; 8: 1579541. 

 Chang W, Fa H, Xiao D, Wang J. Targeting phosphatidylserine for Cancer 23.
therapy: prospects and challenges. Theranostics. 2020; 10(20): 9214-29.  

 Tesselaar ME, Romijn FP, Van Der Linden IK, Prins FA, Bertina RM, Osanto S. 24.
Microparticle-associated tissue factor activity: a link between cancer and 
thrombosis? J Thromb Haemost. 2007; 5(3): 520-7. 

 Zwicker JI, Liebman HA, Neuberg D, Lacroix R, Bauer KA, Furie BC, et al. 25.
Tumor-derived tissue factor-bearing microparticles are associated with 
venous thromboembolic events in malignancy. Clin Cancer Res. 2009; 15(22): 
6830-40. 

 Liu Y, Jiang P, Capkova K, Xue D, Ye L, Sinha SC, et al. Tissue factor–activated 26.
coagulation cascade in the tumor microenvironment is critical for tumor 
progression and an effective target for therapy. Cancer Res. 2011; 71(20): 
6492-502. 

 Geddings JE, Hisada Y, Boulaftali Y, Getz TM, Whelihan M, Fuentes R, et al. 27.
Tissue factor-positive tumor microvesicles activate platelets and enhance 
thrombosis in mice. J Thromb Haemost 2016, 14(1):153-66. Erratum in: J 
Thromb Haemost. 2016; 14(12): 2566. 

 Thaler J, Ay C, Mackman N, Bertina RM, Kaider A, Marosi C, et al. 28.
Microparticle-associated tissue factor activity, venous thromboembolism and 
mortality in pancreatic, gastric, colorectal and brain cancer patients. J Thromb 
Haemost. 2012; 10(7): 1363-70. 

 Bourcy M, Suarez-Carmona M, Lambert J, Francart ME, Schroeder H, 29.
Delierneux C, et al. Tissue factor induced by epithelial-mesenchymal 
transition triggers a procoagulant state that drives metastasis of circulating 
tumor cells. Cancer Res 2016; 76(14):4270-82.  

 Fremder E, Munster M, Aharon A, Miller V, Gingis-Velitski S, Voloshin T, et 30.
al. Tumor-derived microparticles induce bone marrow-derived cell 
mobilization and tumor homing: a process regulated by osteopontin. Int J 
Cancer. 2014; 135: 270-81. 

 Lima LG, Oliveira AS, Campos LC, Bonamino M, Chammas R, Werneck C, et 31.
al. Malignant transformation in melanocytes is associated with increased 
production of procoagulant microvesicles. Thromb Haemost. 2011; 106(4): 
712-23. 

 Wolberg AS, Monroe DM, Roberts HR, Hoffmann MR. Tissue factor 32.
de-encryption: ionophore treatment induces changes in tissue factor activity 
by phosphatidylserine-dependent and -independent mechanisms. Blood 
Coagul Fibrinolysis. 1999; 10: 201–10.  

 Langer F, Ruf W. Synergies of phosphatidylserine and protein disulfide 33.
isomerase in tissue factor activation. Thromb Haemost. 2014; 111(04): 590–7 

 Yeung T, Gilbert GE, Shi J, Silvius J, Kapus A, Grinstein S. Membrane 34.
phosphatidylserine regulates surface charge and protein localization. Science. 
2008; 319(5860): 210-3. 

 Yu Y, Boing AN, Hau CM, Hajji N, Ruf W, Sturk A, et al. Tissue factor 35.
coagulant activity is regulated by the plasma membrane microenvironment. 
Thromb Haemost. 2018; 118: 990-1000 

 Gheldof D, Hardij J, Cecchet F, Chatelain B, Dogne JM, Mullier F. Thrombin 36.
generation assay and transmission electron microscopy: a useful combination 
to study tissue factor-bearing microvesicles. J Extracell Vesicles. 2013; 2. 

 Adesanya MA, Maraveyas A, Madden LA. Cancer microvesicles induce tissue 37.
factor-related procoagulant activity in endothelial cells in vitro. Blood Coagul 
Fibrinolysis. 2017; 28(5): 365-72.  

 Rousseau A, Van Dreden P, Khaterchi A, Larsen AK, Elalamy I, Gerotziafas 38.
GT. Procoagulant microparticles derived from cancer cells have determinant 
role in the hypercoagulable state associated with cancer. Int J Oncol. 2017; 
51(6): 1793-800. 

 Che S, Park JY, Stokol T. Tissue factor-expressing tumor-derived extracellular 39.
vesicles activate quiescent endothelial cells via protease-activated receptor-1. 
Front Oncol. 2017; 2(7):26. 

 De M, Ghosh S, Asad M, Banerjee I, Ali N. Combining doxorubicin with 40.
stearylamine-bearing liposomes elicits Th1 cytokine responses and cures 
metastasis in a mouse model. Cancer Immunol Immunother. 2020; 69: 1725-35. 

 De M, Ghosh S, Sen T, Shadab M, Banerjee I, Basu S, et al. A novel therapeutic 41.
strategy for cancer using phosphatidylserine targeting stearylamine-bearing 
cationic liposomes. Mol Ther Nucleic Acids. 2018; 10: 9-27. 

 Fuentes P, Sesé M, Guijarro PJ, Emperador M, Sánchez-Redondo S, Peinado H, 42.
et al. ITGB3-mediated uptake of small extracellular vesicles facilitates 
intercellular communication in breast cancer cells. Nat Commun. 2020; 11(1): 
4261.  

 Tang K, Zhang Y, Zhang H, Xu P, Liu J, Ma J et al. Delivery of 43.
chemotherapeutic drugs in tumor cell-derived microparticles. Nat Commun. 
2012; 3: 1282. 

 Lotvall J, Hill AF, Hochberg F, Buzás EI, Di VD., Gardiner C, et al. Minimal 44.
experimental requirements for definition of extracellular vesicles and their 



Theranostics 2021, Vol. 11, Issue 13 
 

 
http://www.thno.org 

6460 

functions: a position statement from the International Society for Extracellular 
Vesicles. J Extracell Vesicles. 2014; 3: 26913.  

 Atkinson BT, Jasuja R, Chen VM, Nandivada P, Furie B, Furie BC. Laser 45.
induced endothelial cell activation supports fibrin formation. Blood. 2010; 
116(22): 4675–83. 

 Abu-Fanne R, Stepanova V, Litvinov RI, Abdeen S, Bdeir K, Higazi M et al. 46.
Neutrophil alpha-defensins promote thrombosis in vivo by altering fibrin 
formation, structure, and stability. Blood. 2019; 133: 481-93. 

 Yao Z, Wang L, Wu X, Zhao L, Chi C, Guo L, et al. Enhanced procoagulant 47.
activity on blood cells after acute ischemic stroke. Transl Stroke Res. 2017; 8(1): 
83-91. 

 Brait VH, Miro-Mur F, Perez-de-Puig I, Notario L, Hurtado B, Pedragosa J, et 48.
al. CD69 plays a beneficial role in ischemic stroke by dampening endothelial 
activation. Circ Res. 2019; 124: 279-91. 

 Peng F, Setyawati MI, Tee JK, Ding X, Wang J, Nga ME, et al. Nanoparticles 49.
promote in vivo breast cancer cell intravasation and extravasation by inducing 
endothelial leakiness. Nat Nanotechnol. 2019; 14(3): 279-86. 

 Killelea BK, Yang VQ, Wang SY, Hayse B, Mougalian S, Horowitz NR, et al. 50.
Racial differences in the use and outcome of neoadjuvant chemotherapy for 
breast cancer: Results from the National Cancer Data Base. J Clin Oncol. 2015; 
33: 4267-76. 

 Foulkes WD, Smith IE, Reis-Filho JS. Triple-negative breast cancer. N Engl J 51.
Med. 2010; 363(20): 1938-48. 

 Weis JA, Miga MI, Arlinghaus LR, Li X, Abramson V, Chakravarthy AB, et al. 52.
Predicting the response of breast cancer to neoadjuvant therapy using a 
mechanically coupled reaction-diffusion model. Cancer Res. 2015; 75: 
4697-707.  

 Di Nisio M, Candeloro M, Rutjes A, Porreca E. Venous thromboembolism in 53.
cancer patients receiving neoadjuvant chemotherapy: a systematic review and 
meta-analysis. J Thromb Haemost. 2018; 16(7): 1336-46. 

 Byrne M, Reynolds JV, O'Donnell JS, Keogan M, White B, Byrne M, et al. 54.
Long-term activation of the pro-coagulant response after neoadjuvant 
chemoradiation and major cancer surgery. Br J Cancer. 2010; 102(1):73-9. 

 Toth B, Liebhardt S, Steinig K, Ditsch N, Rank A, Bauerfeind I, et al. 55.
Platelet-derived microparticles and coagulation activation in breast cancer 
patients. Thromb Haemost. 2008; 100(4): 663-9. 

 Jing X, Liang H, Hao C, Yang X, Cui X. Overexpression of MUC1 predicts poor 56.
prognosis in patients with breast cancer. Oncol Rep. 2019; 41(2): 801-10. 

 Song X, Airan RD, Arifin DR, Bar-Shir A, Kadayakkara DK, Liu G, et al. 57.
Label-free in vivo molecular imaging of underglycosylated mucin-1 expression 
in tumour cells. Nat Commun. 2015; 6: 6719. 

 Yamamoto M, Jin C, Hata T, Yasumizu Y, Zhang Y, Hong D, et al. MUC1-C 58.
integrates chromatin remodeling and PARP1 activity in the DNA damage 
response of triple-negative breast cancer cells. Cancer Res. 2019; 79(8): 2031-41.  

 Bovill EG, van der Vliet A. Venous valvular stasis-associated hypoxia and 59.
thrombosis: what is the link? Annu Rev Physiol. 2011; 73: 527-45. 

 Cantelmo AR, Conradi LC, Brajic A, Goveia J, Kalucka J, Pircher A, et al. 60.
Inhibition of the glycolytic activator PFKFB3 in endothelium induces tumor 
vessel normalization, impairs metastasis, and improves chemotherapy. Cancer 
Cell. 2016; 30(6): 968-85. 

 Gavard J, Gutkind JS. VEGF controls endothelial-cell permeability by 61.
promoting the beta-arrestin-dependent endocytosis of VE-cadherin. Nat Cell 
Biol. 2006; 8(11): 1223-34. 

 Pulous FE, Grimsley-Myers CM, Kansal S, Kowalczyk AP, Petrich BG. 62.
Talin-dependent integrin activation regulates VE-Cadherin localization and 
endothelial cell barrier function. Circ Res. 2019; 124(6): 891-903. 


