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Abstract 

Background  Extracellular vesicles (EVs), including microvesicles, hold promise for the management of bladder 
urothelial carcinoma (BLCA), particularly because of their utility in identifying therapeutic targets and their diagnostic 
potential using easily accessible urine samples. Among the transmembrane glycoproteins highly enriched in cancer-
derived EVs, tissue factor (TF) and CD147 have been implicated in promoting tumor progression. In this in vitro study, 
we explored a novel approach to impede cancer cell migration and metastasis by simultaneously targeting these 
molecules on urothelial cancer-derived EVs.

Methods  Cell culture supernatants from invasive and non-invasive bladder cancer cell lines and urine samples 
from patients with BLCA were collected. Large, microvesicle-like EVs were isolated using sequential centrifugation 
and characterized by electron microscopy, nanoparticle tracking analysis, and flow cytometry. The impact of urinary 
or cell supernatant-derived EVs on cellular phenotypes was evaluated using cell-based assays following combined 
treatment with a specific CD147 inhibitor alone or in combination with a tissue factor pathway inhibitor (TFPI), 
an endogenous anticoagulant protein that can be released by low-molecular-weight heparins.

Results  We observed that EVs obtained from the urine samples of patients with muscle-invasive BLCA and from the aggres-
sive bladder cancer cell line J82 exhibited higher TF activity and CD147 expression levels than did their non-invasive counter-
parts. The shedding of GFP-tagged CD147 into isolated vesicles demonstrated that the vesicles originated from plasma cell 
membranes. EVs originating from invasive cancer cells were found to trigger migration, secretion of matrix metalloproteinases 
(MMPs), and invasion. The same induction of MMP activity was replicated using EVs obtained from urine samples of patients 
with invasive BLCA. EVs derived from cancer cell clones overexpressing TF and CD147 were produced in higher quantities 
and exhibited a higher invasive potential than those from control cancer cells. TFPI interfered with the effect when used in con-
junction with the CD147 inhibitor, further suppressing homotypic EV-induced migration, MMP production, and invasion.

Conclusions  Our findings suggest that combining a CD147 inhibitor with low molecular weight heparins to induce 
TFPI release may be a promising therapeutic approach for urothelial cancer management. This combination can 
potentially suppress the tumor-promoting actions of cancer-derived microvesicle-like EVs, including collective matrix invasion.
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Highlights 

• Invasive bladder cancer cells shed extracellular vesicles (EVs) that contain tissue factor (TF) and CD147.

• Tumor-derived EVs can promote cancer cell migration and invasion.

• A combination of a CD147 inhibitor and tissue factor pathway inhibitor (TFPI) can suppress the cancer-promoting 
actions of EVs.

Keywords  Bladder carcinoma, CD142, EMMPRIN, Microvesicles

Plain summary 

Small particles or vesicles released by cancer cells into their surroundings have the potential to stimulate the spread 
and growth of cancer cells. In this study, we focused on two specific molecules presented by these cancer cell-derived 
vesicles that could play a role in promoting the dissemination of cancer cells: a protein related to blood clotting 
and a protein on the cell surface.

We found that large vesicles from bladder cancer cells that have the ability to spread had higher levels of these 
proteins than vesicles from nonspreading cancer cells. We also found that the former could make cancer cells move 
about more, produce more of a substance that helps cancer cells spread, and invade other tissues.

To counteract the cancer-promoting actions of these vesicles, we examined the impact of combining a naturally 
occurring anticlotting protein that can be released by medications derived from heparin with an inhibitor targeting 
the cancer cell surface protein. We found that this combination stopped the vesicles from helping cancer cells move 
about more, produce more of the spreading substance, and invade other tissues.

This approach of simultaneously targeting the two protein molecules present on cancer cell-derived vesicles might 
be a new way to treat bladder cancer.

Graphical Abstract
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Background
Cancer cells employ various extracellular communication 
mechanisms to drive their progression and metastasis [1]. 
While the plasma membrane has been recognized as the 
primary interface for interactions with the extracellular 
environment, cancer cells also utilize a type of extracel-
lular vesicles (EVs) called microvesicles or ectosomes for 
intercellular communication [2]. Unlike exosomes, which 
originate from endosomal organelles, microvesicles are 
directly shed from the plasma membrane. They exhibit a 
broader size range and have the potential for direct inter-
action with neighboring cells through their membrane 
[3]. This distinct characteristic allows microvesicles to 
exert remote signaling effects by dissemination through 
body fluids [4].

Extensive research has indicated that intercellular 
communication is partially facilitated by the presence of 
genetic materials, particularly RNAs, packaged within 
secretory vesicles (reviewed in [5]. However, it is cru-
cial to note that the impact of genetic materials is often 
delayed and constrained when compared to that of mem-
brane structures. This is primarily due to the necessity of 
content transfer and the potential need for further pro-
cessing within recipient cells before exerting an effect.

Recent evidence suggests that tumor-derived EVs play 
a crucial role in tumor progression  by acting via multi-
ple mechanisms to trigger invasion and metastasis. EVs 
mediate both homotypic targeting of tumor cells [6, 7] 
and heterotypic interactions with the tumor microenvi-
ronment [8–10].

Tissue factor (TF), also known as Factor III, CD142, or 
thromboplastin, is a transmembrane glycoprotein with a 
well-established role in blood coagulation. We have dem-
onstrated that TF-bearing microvesicles can induce tumor 
cell migration, highlighting their potential role in cancer 
progression [11]. Additionally, elevated levels of TF associ-
ated with EVs have been correlated with tumor aggressive-
ness and increased mortality among cancer patients [12].

Another transmembrane glycoprotein highly incorpo-
rated into cancer EVs is the extracellular matrix metal-
loproteinase inducer (CD147/EMMPRIN) [13]. Studies 
have shown that CD147 is upregulated in various can-
cers and plays a role in tumor invasion and metastasis 
[14–16].

Due to their unique properties, EVs have emerged as 
promising candidates for bladder carcinoma manage-
ment. First, EV-associated TF levels have been shown to 
be correlated with thrombosis, a common complication 
in cancer patients, thereby providing valuable informa-
tion on patient  prognosis. Second, EVs can carry mole-
cules that are clinically relevant to tumor cell properties, 
such as infiltration and metastasis, making them valu-
able tools for understanding disease progression. Finally, 

EVs have diagnostic potential because they can be easily 
isolated from urine samples, which is a non-invasive and 
cost-effective method for diagnosis and monitoring blad-
der cancer.

Inhibitors of CD147, a transmembrane glycoprotein, 
and TFPI, a natural inhibitor of the coagulation path-
way, have shown potential implications for inhibiting 
tumor progression, metastasis, and chemoresistance 
[17–19]. In a previous study, we showed that TFPI, 
which is released in response to the low-molecular-
weight heparins (LMWHs) Tinzaparin, can suppress 
cancer cell progression induced by cancer-derived EVs 
[20]. In this study, we investigated whether the combi-
nation of TFPI with a CD147 inhibitor greater effect on 
EV-induced bladder cancer cell migration and metasta-
sis, than does inhibition of CD147 alone.

Methods
This study evaluated the homotypic functional effect of 
microvesicle-like EVs in cell-based assays (Fig.  1A). EVs 
were isolated from the supernatant of human adher-
ent bladder cell lines grown in EV-free conditions or 
from urine samples obtained from patients with bladder 
urothelial carcinoma (BLCA).

Cell lines and culture conditions
We utilized two urinary bladder cancer cell lines: RT4 
(CLS GmbH, Germany), which is classified as non-mus-
cle invasive (low grade), and J82 (ATCC HTB-1), which is 
classified as muscle-invasive (high grade). Both cell lines 
exhibit adherent growth, with doubling times of 40 h for 
RT4 and 24 h for J82.

The  cells were grown in RPMI-1640 medium supple-
mented with 10% FBS and incubated at 37°C in 5% CO2 
and 95% humidity to maintain optimal growth condi-
tions. Regular tests for mycoplasma contamination 
were performed, and the cell lines were confirmed to be 
free of contamination. Prior to EV collection or treat-
ment, the  cultures were washed with PBS, after which 
the  medium was replaced with medium supplemented 
with 5% exosome-depleted FBS (Gibco, Germany) to 
maintain cell viability. The exosome-depleted FBS was 
certified by the manufacturer to be devoid of detectable 
EV marker CD63, addressing concerns about EV con-
tamination in ultracentrifuged exosome-depleted serum 
[21]. Moreover, the resulting protein pattern was simi-
lar to that of the source FBS.

J82 cells were exposed to their own isolated and 
characterized microvesicle-like EVs, which were pre-
incubated with or without the CD147 inhibitor AC-73 
(MedChemExpress LLC, NJ), human recombinant TFPI 
together with factor VII (Sigma-Aldrich, MO), or human 
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recombinant CD147 protein (rCD147, Sino Biological 
Europe, Germany) for the specified duration.

Plasmids and transfection
CD147 constructs [22] were kindly provided by Dr. San-
drine Bourdoulous (Université Paris Descartes, France). 

The  TF plasmid [23] was a  gift  from Dr. Alexander 
McLellan through Addgene (Watertown, MA). For pro-
tein expression in mammalian cells, cells were transfected 
using FuGENE HD Transfection Reagent (Promega, WI), 
according to the manufacturer’s protocol.

Fig. 1  Workflow of sample processing and experimental design. Conditioned media were collected over a 24 h incubation period from two human 
cell lines, RT4 and J82, grown in monolayer culture. Urine samples were collected from patients with bladder urothelial carcinoma. Extracellular 
vesicles (EVs) were isolated and characterized using scanning electron microscopy (SEM), nanoparticle tracking analysis (NTA), and high-resolution 
flow cytometry. The homotypic effects of EVs were evaluated via cell-based functional assays with different readouts of cellular phenotypes (A). Cell 
and EV morphology were visualized using light microscopy and SEM, respectively (B). Cells (C) and cell- and urine-derived Evs (D) were analyzed 
for surface markers. The particle number and size distribution of the EVs were analyzed in unfractionated conditioned medium, centrifugation 
supernatant containing small EVs (sEVs), and centrifugation pellet containing large, microvesicle-like EVs (lEVs) by NTA (E), and the presence 
of tetraspanin EV markers was analyzed by flow cytometry (F) of both the EV pellet and centrifuge supernatant derived from muscle-invasive 
J82 cells. The parameters of the urine-derived EVs are presented as medians with 10th and 90th percentiles and were compared using 
the non-parametric Mann–Whitney U test. MFI, mean fluorescence intensity
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Human sample collection
A total of 27 patients diagnosed with urothelial malignan-
cies were enrolled in the study (Supplementary Table 1). 
A subset of patients had to be excluded due to limitations 
in sample volume from liquid biopsies. These individuals 
were referred to our study due to suspected bladder car-
cinoma and subsequently underwent transurethral resec-
tion of the bladder tumor. At the time of their clinic visit, 
all patients were requested to provide a urine sample. The 
study protocol received approval from the local ethics 
committee under code 22–240, and all patients were pro-
vided with detailed information by the urology team and 
signed consent forms.

Following diagnosis, we reviewed the bladder biopsy 
pathology findings for each patient and documented 
the  malignant findings into subgroups, distinguishing 
invasive from non-invasive tumors, despite  the lack  of 
detailed TNM staging information for each individual.

Isolation of microvesicle‑like EVs by sequential 
centrifugation
Cell-free 24-h conditioned medium or urine was pre-
pared by centrifuging the samples at 470 × g for 10 
min and storing them at -80°C until further use. Con-
ditioned medium was collected from cells at approxi-
mately 85% confluence. Microvesicle-like EVs were 
isolated using a sequential centrifugation method as 
previously described (Ender, Zamzow, Bubnoff, & 
Gieseler, 2019). In brief, 1 ml aliquots of conditioned 
medium or urine were centrifuged twice at 2,500 × g 
for 15 min at 4°C using a microcentrifuge (Eppendorf 
AG, Germany). The supernatant was collected, and 
high-speed centrifugation  susequently was carried out 
at 10,000 × g for 1.5 h at 4°C using the same centrifuge. 
The pellet was collected and resuspended in 0.22 µm 
pore-size-membrane (Merck Millipore Ltd., Ireland) 
filtered PBS.

Scanning electron microscopy
For scanning electron microscopy (SEM), the EV pellet 
was resuspended in 4% paraformaldehyde and incubated 
at room temperature for 20 min. The EV sample was then 
washed in water and centrifuged at 10,000 × g for 1.5 h, 
after which the pellet was resuspended in distilled water. 
SEM was conducted as previously described [24], involv-
ing EV sample application, drying, and gold coating. 
Finally, the EVs were imaged using an EVO LS15 scan-
ning electron microscope (Carl Zeiss AG, Germany).

Nanoparticle tracking analysis
All the microparticle analyses were performed with 
a  NanoSight NS300 (Malvern Instruments Ltd., UK) 
instrument  equipped with a 488 nm laser module. All 

the  samples were diluted in PBS and  filtered through 
0.22 µm membrane filters (Millex, Merck Millipore Ltd., 
Ireland) to a final volume of 1 ml. All the measurements 
were taken in replicates of at least 3 for each sample, 
simultaneously capturing 30-s videos with a minimum 
number of valid tracks recommended according to the 
manual. NanoSight NTA software was used for all the 
analyses. The camera level for each sample was manually 
adjusted to attain the ideal visualization of particles, and 
the sample infusion rate was set at 100 µL/minute. The 
particle size was assessed regularly using 100 nm polysty-
rene beads (Malvern).

Confocal microscopy
J82 cells were fixed with 4% paraformaldehyde 24 h 
after transfection. Subsequently, the  cells on coverslips 
were mounted using a medium containing the nuclear 
dye Hoechst 33,342 (Thermo Scientific, MA) for nuclei 
counterstaining. The  cells were imaged using a confo-
cal microscope (Olympus FV1000, Japan) with an oil 
60 × objective.

Flow cytometry
We utilized a high-resolution Novocyte flow cytom-
eter (ACEA Biosciences Inc., CA) to characterize the 
size and concentration of  microvesicle-like larger EVs 
isolated by high-speed centrifugation. To confirm the 
integrity of the  EVs, we used the membrane-permea-
ble fluorescent dye carboxyfluorescein diacetate suc-
cinimidyl ester (CFDA-SE; Cayman Chemical, MI), 
as described previously [25]. The samples were incu-
bated with 40 µM CFSE for 10 min at room tempera-
ture in the dark. The samples were then incubated with 
antibodies conjugated with phycoerythrin (PE) and 
detected via the FITC and PE channels for both CFSE 
and antibody staining, respectively. We employed size 
gates ranging from 0.1 to 0.9 µm, a method previously 
described by our laboratory [26], using MegaMix Beads 
(BioCytex, France) to determine the size of the extra-
cellular vesicle (EV) population.

The expression of surface markers with potential clini-
cal relevance in bladder cancer, namely, EpCAM, CD147, 
CD47, and HER2, was determined on both cells and 
isolated EVs. For the staining procedure, we collected 
an equal number of cells or EVs from both conditioned 
medium and bladder cancer samples and immunostained 
them with labeled antibodies. Fluorescence minus one 
(FM-O) controls of the  same samples without stain-
ing of interest were used to assess the expression levels. 
The samples were incubated with antibodies for 20 min 
at 4°C following CFSE labeling and then washed with 1 
ml of PBS.
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Tissue factor activity assay
A Zymuphen MP-TF assay kit (Aniara, OH) was used 
to measure TF activity as previously described [24]. The 
assay was based on the principle of TF-mediated con-
version of the  substrate to its active form. In a 96-well 
microplate, the diluted sample or standard was pipetted 
in duplicate. Subsequently, the  substrate solution from 
the kit was added to each well, and the microplate was 
sealed and incubated at room temperature overnight. 
The next day, the wells were washed, and human factor 
VIIa and X were added to each well. The plate was sealed 
and incubated for 2 h at 37°C. Subsequently, chromog-
enic substrate for factor Xa was added to each well and 
incubated for 2 h at 37°C. The reaction was stopped by 
adding stop solution to each well, followed by gentle 
mixing. The absorbance was measured at 405 nm using 
an Infinite F200 microplate reader (Tecan, Switzerland). 
TF activity in the sample was calculated using a standard 
curve generated from the absorbance values of the stand-
ards provided in the kit.

Cell viability assay
Cell viability was assessed using the MTS tetrazolium 
reduction assay (CellTiter 96; Promega, WI). Cells were 
seeded in triplicate into 96-well plates and incubated 
for the designated times. Subsequently, 10% tetrazolium 
solution was added to each well, and the plates were 
further incubated at 37°C for 3 h. During this incuba-
tion, viable cells converted the MTS tetrazolium salt into 
a formazan product. The absorbance of the formazan 
product was measured using a microplate reader, and 
the results were recorded as optical density (OD) values, 
which are directly proportional to cell viability. To calcu-
late the percentage of cell viability, the OD values of the 
experimental groups were normalized to  those of the 
control group.

Metalloproteinase activity
Metalloproteinase activity was measured using an AmpliteTM 
Universal Fluorimetric MMP Activity Assay Kit following 
the manufacturer’s instructions (AAT Bioquest, CA). Briefly, 
attached cells were stimulated with or without inhibitors, 
and 24 h conditioned medium was collected to test enzy-
matic activity in the form of substrate cleavage. To exclude 
any direct EV-derived MMP activity, a no-cell control was 
included in the assay. Signals were assessed 2 h after ini-
tiating the enzymatic reaction using a microplate reader 
equipped with a filter set of excitation (Ex)/emission 
(Em) = 485 nm/535 nm. The amount of substrate conver-
sion, reflecting the MMP activity, was quantified using the 
relative fluorescence units (RFU) obtained from the assay.

Proteomics
The global label-free proteome was analyzed by liquid 
chromatography-coupled mass spectrometry (LC–MS). 
Protein samples (100 µg each) were prepared using the 
EasyPep kit (Thermo Fisher, MA). The proteins were pro-
cessed into dried pellets and reconstituted in 5% formic 
acid for mass spectrometric analysis. The extracted pep-
tides were loaded onto C18 EvoTip disposable trap col-
umns. Chromatographic separation of 200 ng per sample 
was performed on an EvoSep One (EvoSep, Denmark) 
using a C18 Performance column (EV1137, 15 cm × 150 
µm, 1.5 µm) in combination with the extended 15 SPD 
method (88 min gradient, 220 nl/min)  [27–29]. For 
details of the LC–MS acquisition, see the Supplementary 
methods.

A unique protein matrix was generated using the 
DIA-NN R package, which included only proteins that 
were identified and quantified by proteotypic peptides 
and that passed the FDR cutoff of 0.01. Protein abun-
dance was calculated using the MaxLFQ algorithm 
[30]. Quantitative data were preprocessed using the 
R package DEP [31]. The unique protein dataset was 
filtered for completeness: each protein had to be iden-
tified in all replicates of at least one condition/group. 
Variance stabilizing normalization was applied to the 
data [32], including log2 transformation, before imput-
ing the remaining missing values using a k-nearest 
neighbor model. Differential expression was evalu-
ated using the limma R package [33]. A net log2-fold 
change  > 1.0 and a Benjamini–Hochberg procedure-
adjusted p-value < 0.05 were considered to indicate sig-
nificant differential expression.

Migration and invasion assays
For the migration and invasion assays, hanging cell 
culture inserts with a pore size of 8.0 µm polyethylene 
terephthalate (Millipore, MA) were used in 24-well 
plates. The inserts were washed twice with medium to 
prepare the chambers for the assays. For the invasion 
assay, diluted Matrigel (Corning, VA) was added to the 
center of each cell well insert and gently spread across 
the entire membrane surface. The coated inserts were 
then placed in an incubator at 37°C for 30 min to allow 
the Matrigel to solidify.

Next, the cell suspensions in serum-free medium, 
along with EVs or inhibitors, were plated into the upper 
chambers of both the migration and invasion inserts. 
Medium supplemented with 10% FBS was added to the 
lower chamber as a chemoattractant. The cells were 
then cultured for 16 or 24 h to allow for migration or 
invasion, respectively.

After the culture period, the medium was aspirated 
from the lower chambers, and any nonmigrated cells on 
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the upper side of the membrane were carefully removed 
using a cotton swab. To visualize the migrated and 
invaded cells, Diff-Quik staining was performed for the 
inserts using a commercial kit (RAL Diagnostics, France). 
Briefly, the cells were fixed, rinsed with PBS, and stained 
with eosin for 1 min. The cells were then counterstained 
with methylene blue for 1 min. After rinsing off the 
excess stain, the filters were air-dried. The stained cells 
were visualized and imaged under a light microscope for 
analysis. Visual fields on the lower side of the filter were 
imaged for further analysis. Cell migration and invasion 
were quantified using ImageJ analysis software. Grayscale 
images were transformed into binary images through 
thresholding. Overlapping cells were isolated using 
Watershed segmentation. The number of nuclei per field 
was measured using Analyze Particles.

Extracellular vesicle binding assay
The J82 cell suspension was exposed to different treat-
ment conditions in the presence of CFSE-labeled EVs for 
20 min. Flow cytometry was utilized to evaluate the FITC 
signal across the cell population. The cells were catego-
rized into positive and negative sub-populations based 
on the attained signal.

Data analysis
At least three independent experiments were performed 
for each analysis. Unless otherwise specified, the data are 
presented as the fold change relative to the control condi-
tion and are displayed as mean ± standard deviation (SD). 
GraphPad Prism was used to create graphs. Mean differ-
ences were tested using a t-test or one-way ANOVA. A 
p-value of less than 0.05 was considered to indicate sta-
tistical significance. Different significance levels are 
indicated by 1–3 asterisks corresponding to p-values 
of < 0.05, < 0.01, and < 0.001.

Results
Invasive bladder cancer exhibits distinct markers 
in both cell‑derived and urinary large extracellular vesicles
Figure  1B displays the microscopic morphology of 
the cell lines and their corresponding microvesicle-like 
EVs. We found that CD147 expression was significantly 
higher in invasive J82 cells than in non-invasive RT4 
cells (Fig.  1C and D). Additionally, we found that, in 
contrast to those isolated from the non-invasive cohort, 
EVs isolated from the  urine samples of patients with 
invasive BCLA and J82 cells exhibited significantly ele-
vated TF activity and CD147 expression (Fig. 1D).

Regarding the size distribution of the isolated parti-
cles, our observations revealed an average size of 171 
nm, with a more restricted distribution range observed 
for the small EVs remaining in the conditioned medium 
after centrifugation (Fig.  1E). In both small and large 
isolated EVs, we detected the presence of the  EV 
markers CD9, CD63, and CD81, with relatively higher 
enrichment of these markers in large, microvesicle-like 
EVs (Fig. 1F).

We found that  CD147 expression was significantly 
higher in muscle-invasive J82 cells than in non-invasive 
RT4 cells (Fig. 1C). Additionally, we found that EVs iso-
lated from urine samples of patients with muscle-inva-
sive BLCA and J82 cells exhibited significantly elevated 
TF activity and CD147 expression, in contrast to those 
isolated from the non-invasive set (Fig. 1D).

Regarding the size distribution of the isolated par-
ticles, we noted an average size of 120 nm for the 
J82 cell-derived EVs, which was significantly larger 
than  that of the particles found in the centrifuge 
supernatant and had a broader distribution range 
(Fig.  1E). A similar disparity, but in a higher range, 
was noted for EV subsets derived from RT cancer cells 
(Supplementary Fig.  2A). We also observed a trend 
toward enrichment of  the tetraspanin proteins CD9, 
CD63, and CD81 in the isolated larger, microvesicle-
like EVs (Fig.  1F and Supplementary Fig.  1B). This 
further confirmed the identity of the  isolated parti-
cles used in subsequent functional tests.

Tagged CD147 sheds into isolated vesicles
Microscopic analysis of CD147-GFP expression 
revealed that CD147 was expressed on the cell surface 
(Fig. 2A). Moreover, Fig. 2B demonstrates the shedding 
of GFP-tagged CD147 into isolated vesicles, as indicated 
by the loss of the GFP signal after detergent treatment. 
These findings provide additional confirmation of the 
presence of vesicles derived from the plasma membrane 
of J82 cells.

Model EVs with higher levels of TF and CD147 showed 
enhanced invasion potential
We investigated whether ectopic high expression of TF 
and CD147 was associated with the level of EV pro-
duction. Cells overexpressing TF and CD147 produced 
32% more EVs than the control mock-transfected cells 
(p = 0.01, Fig. 2C).

Based on the notable increase in TF and CD147 levels 
in EVs derived from invasive cancer cells and urine sam-
ples of patients with invasive BCLA, we investigated the 
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potential link between TF and CD147 overexpression 
and their functional characteristics using model EVs. 
Our findings demonstrated that EVs from J82 cancer cell 
clones overexpressing TF and CD147 had a significantly 
higher invasive potential compared to EVs from control 
cancer cells (Fig. 2D).

CD147 inhibitor and TFPI demonstrate minimal impact 
on cellular proliferation at conventional levels
Treatment with the CD147 inhibitor AC-73 for 24 
h resulted in a significant decrease in J82 cell viabil-
ity at a high concentration of 20  µM, with only 44% of 
the  cells remaining viable (p = 0.002; Supplementary 
Fig.  2A). However, lower doses of AC-73 with or with-
out TFPI did not produce a statistically significant dif-
ference in cell viability compared to untreated control 
cells. The addition of EVs or inhibitors did not lead to 

a statistically significant alteration in cellular prolifera-
tion, as measured by the time course assay. The CD147 
inhibitor had an inhibitory effect trend only between 48 
to 96 h (p > 0.1) and not at shorter or longer time points. 
The addition of TFPI did not alter this inhibitory pattern 
(Supplementary Fig. 2B).

Enhanced migration caused by cancer cell‑derived EVs 
is reversed by dual inhibitor treatment
Treatment with cell-derived EVs increased migration 
by an average of 32% compared to  that of the control, 
untreated cells (Fig.  3A). The specific inhibitor AC-73 
reversed the migration induced by EV back to the level 
observed in the control untreated cells. Pretreatment of 
EVs with TFPI along with AC-73 resulted in an additional 
reduction in migration potential (Fig. 3B).

Fig. 2  Association of tissue factor (TF) and CD147 overexpression with extracellular vesicle (EV) production and invasion potential. The expression 
of green fluorescent protein (GFP)-fusion CD147 on the plasma membrane of J82 cells was observed using confocal microscopy (A). To assess 
the vesicular export of CD147, GFP-labeled vesicles were derived from J82 cells transfected with the CD147-GFP construct and analyzed using flow 
cytometry (B). The lysates of the EVs were prepared using 0.1% Triton™ X-100. EVs were derived from human bladder urothelial carcinoma J82 cells 
co-transfected with TF and CD147 plasmids. The EVs were quantified using NTA in the 48-h culture supernatant of J82 cells overexpressing CD147 
and TF versus that of the control transfection condition (C). Invasion potency was measured by a Transwell assay, with 6–8 images of the cells 
that had passed through the coated microporous membrane after 24 h per experiment (D)
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TFPI enhances CD147 inhibitor‑mediated suppression 
of MMP activity induced by cancer EVs
Treatment with EVs derived from J82 cells or collected 
from urine samples of patients with invasive bladder 
carcinoma induced dose-dependent MMP activity, 
which was significantly reduced by treatment with a 
CD147-specific inhibitor (Fig.  4A). Remarkably, TFPI 
exerted an additional inhibitory effect on the MMP 
activity induced by EVs in the presence of AC-73 (-18%, 
Fig. 4B). We also included a control group, in which the 

cells were omitted, but the EVs were treated (Fig. 4B). 
The amount of MMP activity measured in this culture 
condition was minimal, indicating that the cultured 
cells, not the EV cargo, were the source of the  MMP 
in the conditioned medium. Our shotgun proteom-
ics analysis of treated cells did not reveal any signifi-
cant alterations resulting from the influence of cancer 
EV treatment (Supplementary Fig.  3). This reaffirms 

Fig. 3  Impact of the combined inhibitors treatment on extracellular vesicle (EV)-induced migration potential. J82 human bladder urothelial 
carcinoma cells were exposed to 150 µg/ml protein from J82 cell-derived EVs and treated with either 5 µM CD147 inhibitor AC-73 alone (A) 
or a combination of 2.5 µM AC-73 and tissue factor pathway inhibitor (TFPI, 300 ng/ml, B) for 16 h. Relative migration was quantified via a Transwell 
assay utilizing 6–8 images of cells that traversed the microporous membrane per experiment

Fig. 4  Impact of treatment with the combined inhibitors on extracellular vesicle (EV)-induced matrix metalloproteinases (MMPs) release. J82 
human bladder urothelial carcinoma cells were treated with J82 cell-derived EVs or with a pool of isolated EVs from urine samples collected 
from patients with muscle-invasive bladder cancer (A), along with either 2.5 µM or 5 µM of the CD147 inhibitor AC-73, in the absence or presence 
of tissue factor pathway inhibitor (TFPI, 300 ng/ml, B) for 24 h. Recombinant CD147 (rCD147) was used as a positive control to induce MMP activity. 
The induction of MMPs was measured using colorimetric enzymatic methods
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that the observed changes stemmed from the modi-
fied secretion of MMPs rather than changes in their 
production.

Enhanced invasion induced by cancer EVs is reversed 
by dual inhibitor treatment
J82 cell supernatant-derived EVs increased cell inva-
sion by 5.6-fold, but the CD147-specific inhibitor effec-
tively countered this effect by reducing cell invasion to 
only twice the amount observed in the untreated control 
(Fig.  5A). Adding TFPI to cells  treated with AC-73 fur-
ther reduced cell invasion by 50%, suggesting a poten-
tial interaction between TFPI and CD147 (Fig. 5B). This 
trend was also observed for cancer cell invasion using 
EVs isolated from urine samples obtained from patients 
with muscle-invasive BLCA (Fig. 5).

Dual inhibitor treatment enhances the disruption of EV 
binding to cells
A suspended binding assay was conducted to evaluate 
how dual inhibitor treatment interferes with the inter-
action of EVs with target cells. In this assay, labeled EVs 
were allowed to bind briefly to unlabeled suspended J82 
cells. The introduction of the CD147 inhibitor AC-73 
resulted in a moderate decrease in the fluorescent sig-
nal, confirming its ability to interfere with EV-cell sur-
face binding (Fig.  6). However, when TFPI and AC-73 
were applied together to the EVs, a more substantial 
reduction in the fluorescent signal was observed than 

when  AC-73 was used  alone. These findings indicate 
that TFPI enhances the disruptive effect of AC-73 on 
EV binding to the cell surface (Fig. 6).

Discussion
In this study, we investigated a novel strategy to disrupt 
the homotypic interaction of cancer-derived microvesi-
cle-like EVs with cancer cells by simultaneously targeting 
the highly expressed TF and CD147 molecules. We dem-
onstrated that TFPI, a naturally occurring inhibitor of TF, 
enhances the suppressive impact of a CD147 inhibitor on 
cancer cell progression in  vitro. Our findings highlight 
the potential of this interference to significantly inhibit 
tumor migration, infiltration, and subsequent metastasis.

The detection of the well-established EV markers CD9, 
CD63, and CD81 in the isolated particles validated the 
capability of the  larger, microvesicle-like EV isolation 
in this study. The observed differences in size range and 
marker enrichment between small and large EVs may 
imply distinct functional roles for these subpopulations. 
However, this was not the focus of the present investi-
gation. We observed the shedding of tagged CD147 into 
subpopulations of the examined EVs. These CD147+ EVs 
are likely to represent microvesicles, given that CD147 is 
predominantly localized to the plasma membrane. Nota-
bly, our findings align with a prior study demonstrat-
ing CD147 immunoreactivity in microvesicle-like EVs 
derived from tumor cells, but not in exosomes [34].

Fig. 5  Impact of treatment with the combined inhibitors on extracellular vesicle (EV)-induced invasion potential. J82 human bladder urothelial 
carcinoma cells were exposed to 150 µg/ml protein from J82 cell-derived EVs or with a pool of isolated EVs from urine samples collected 
from patients with muscle-invasive bladder cancer, and treated with either 5 µM of the CD147 inhibitor AC-73 alone (A) or a combination of 2.5 µM 
AC-73 and tissue factor pathway inhibitor (TFPI, 300 ng/ml, B) for 24 h. Invasion potency was measured via a Transwell assay utilizing 6–8 images 
of cells that traversed the microporous membrane per experiment
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We observed significantly higher CD147 expression 
in invasive versus non-invasive cancer cells, suggest-
ing a potential association between CD147 expression 
and invasion. Additionally, EVs derived from invasive 
cells exhibited higher levels of TF activity and CD147 
expression compared to those from non-invasive equiv-
alents, highlighting a potential association between 
these factors in EVs from invasive cancer cells. This 
phenomenon was also observed in urine samples from 
patients with invasive BLCA. However, the differences 
in TF did not reach statistical significance, which is 
probably due to the limited sample size and the possi-
ble test variability due to the different sample matrices.

Urine contains a high concentration of EVs associated 
with bladder cancer [35, 36]. Previous research on uri-
nary EVs has focused mainly on analyzing their molecu-
lar composition in relation to different diseases, while 
examining their functional potential is still in the  early 
stages. Nevertheless, some studies have provided insights 
into their pathological function in cancers of the geni-
tourinary system [37–39], which aligns with our find-
ings. Notably, bladder barbotage-derived EVs, which are 
likely enriched with bladder cancer EVs, exhibited a more 
pronounced effect compared to urinary-derived EVs 
[39]. Our study is distinctive in its focus on larger vesi-
cles, which can be more readily separated and are more 
likely to carry the signature of the parent cells plasma 
membrane.

We produced model EVs enriched with the  TF and 
CD147 proteins by overexpressing these factors in J82 
cells. Testing these vesicles compared to vesicles derived 
from parental cells demonstrated a significant increase in 
the degree to which the vesicles induced cellular invasion. 
The specific interaction mechanism between CD147 and 

TF remains unknown. However, in the context of infec-
tion, high secretion of CD147 by epithelial cells, which is 
induced by bacterial virulence factors, is associated with 
upregulation of endothelial TF activation [40]. Studying 
how these two proteins interact can provide insight into 
the potential implications of combining seemingly unre-
lated anti-CD147 and anticoagulation therapies on can-
cer progression.

Our findings demonstrated that the CD147 inhibitor 
AC-73 exerts a dose-dependent effect on cell viability, 
and the addition of TFPI does not influence this effect. 
The lack of a significant effect of TFPI suggested that its 
direct influence on cell viability and proliferation may be 
limited. Prior studies have demonstrated that TFPI inhib-
its proliferation only at excessive concentrations through 
an apoptotic mechanism [18, 41] and may indirectly 
affect tumor growth at lower concentrations by inhibiting 
angiogenesis through a nonhemostatic mechanism [19, 
42]. To elucidate the specific molecular actions of AC-73 
and TFPI, we applied concentrations of these compounds 
that do not interfere with cell viability and proliferation, 
mirroring higher in vivo relevance.

By employing a specific CD147 inhibitor, our study 
showed that CD147 plays a significant role as a compo-
nent in cancer-derived EVs, enhancing their ability to 
induce migration and invasion. These findings add to the 
growing body of evidence supporting the significance of 
CD147 in cancer progression. Previous studies have 
demonstrated that CD147 is a key cell surface receptor 
and adhesion molecule for migration and invasion [43]. 
Monoclonal antibodies or chemical inhibitors specific to 
CD147 can inhibit the in vitro migration of cancer cells, 
demonstrating the dependence on CD147 interaction for 
collective invasion through EVs [43]. Menck et  al. [13] 

Fig. 6  Impact of treatment with the combined inhibitors on the extracellular vesicle (EV) binding capability. J82 human bladder urothelial 
carcinoma cells were exposed in suspension to carboxyfluorescein succinimidyl ester fluorescent dye (CFSE)-labeled J82 cell-derived EVs 
and treated with either 5 µM CD147 inhibitor AC-73 alone or a combination of 2.5 µM AC-73 and tissue factor pathway inhibitor (TFPI, 300 ng/ml). 
The cells were analyzed for green fluorescence in the FITC channel using flow cytometry
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showed that tumor-derived microvesicles induce autolo-
gous and heterologous human breast cancer invasion 
through a highly glycosylated form of CD147. Consistent 
with our observation, this impact was primarily mediated 
through cellular signal induction rather than enhanced 
EV uptake. In addition to its involvement in promoting 
migration and invasion, CD147 in malignant cells also 
upregulates the release of EVs, as demonstrated by our 
current study and others [44].

Our study demonstrated that cancer-derived EVs 
induce autologous MMP expression in J82 cells, contrast-
ing with a previous report indicating that CD147+ EVs 
did not affect MMP expression in breast cancer cell mod-
els [13]. These discordant results might be due to the reli-
ance of the previous study on gene expression rather than 
MMP activity. Additionally, we cannot exclude the possi-
bility of cell-type-specific responses to EVs, which could 
account for the observed differences. These possibilities 
are consistent with the observation that CD147 in EVs 
derived from noncancerous peritoneal cells promotes the 
invasion of gastric cancer cells [45].

Previous studies have highlighted the essential role of 
MMP-mediated extracellular degradation and remod-
eling in angiogenesis [46]. Our findings align with the 
induction of proangiogenic activities by microvesicles 
shed by cancer cells through a CD147-mediated mecha-
nism [47]. Evidence also suggests that TF-mediated sign-
aling in cancer cells plays a role in promoting invasion by 
upregulating the expression of MMPs [48].

The release of plasma membrane-derived vesicles 
with procoagulant activity was initially demonstrated in 
cancer cells through in vitro experiments [49]. However, 
at the clinical level, the link between TF and decreased 
survival in cancer cannot be solely attributed to the pro-
thrombotic effects of an activated coagulation system. It 
has been observed that TF and its downstream coagu-
lation proteases are also interconnected with signaling 
cascades that promote tumor growth, metastasis, and 
angiogenesis [50–53]. In this study, we showed that 
EVs originating from invasive urothelial cancer cells 
are notably enriched with CD147 and TF, aligning with 
their established recognition as candidate prognostic 
markers and promising therapeutic targets in cancer. In 
particular, a meta-analysis comprising several datasets 
showed the association of CD147 [54], and an immu-
nohistochemical tumor study revealed the association 
of TF [55] with clinicopathological features of bladder 
cancer.

Remarkably, both CD147 and the  TFPI are under 
investigation as potential clinical targets [56–58]. Fur-
thermore, we have demonstrated that TFPI released 
in response to an LMWH can effectively inhibit cancer 
cell migration induced by EVs derived from malignant 

effusions [20]. These EVs were characterized as enriched 
with TF and demonstrated the ability to activate migra-
tion-inducing signaling in cancer cells [24]. Therefore, 
we speculate that TFPI could potentiate the suppressive 
effect of CD147 inhibitors on the protumoral functions of 
cancer-derived EVs.

In the present study, TFPI was shown to exert an addi-
tional interfering effect when used in combination with 
a CD147 inhibitor, further suppressing autologous EV-
induced cancer cell migration, MMP production, and 
invasion. The proposed interfering effect of TFPI on the 
binding and functional capability of CD147 on EVs intro-
duces a novel regulatory mechanism in the context of 
CD147-mediated processes. By interfering with CD147, 
TFPI may disrupt key signaling pathways involved in 
tumor migration and metastasis.

The limited availability of suitable and widely accepted 
animal models for human bladder cancer poses a challenge 
for research in this field. This study was conducted with a 
specific urothelial cancer cell line, and caution is essential 
when these findings are applied to other types of cancer or 
in vivo settings. The impact of combining TFPI or its induc-
ers LMWHs with a CD147 inhibitor could be influenced by 
the specific tumor microenvironment in vivo. Nonetheless, 
the unique aspects of our study, particularly the integration 
of urine sample analysis, provide valuable insights within 
the constraints of currently available models.

Conclusions
Our findings suggest that combining a CD147 inhibitor 
with LMWHs, especially those with high TFPI-releasing 
potency, may be a promising therapeutic approach for 
urothelial cancer management. This combination can 
potentially suppress the tumor-promoting actions of can-
cer-derived microvesicle-like EVs, including migration, 
MMP secretion, and matrix invasion. The specific molec-
ular mechanisms underlying this enhanced inhibitory 
effect remain to be fully elucidated, but the combination 
warrants further investigation in preclinical and clinical 
studies.
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