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Abstract 22 

 23 

Background 24 

The procoagulant activity of tissue factor-bearing microvesicles (MV-TF) has been associated 25 

with the risk of developing venous thrombosis in cancer patients. However, MV-TF assays 26 

are limited either by i) a lack of specificity, ii) a low sensitivity, or iii) a lack of repeatability 27 

when high-speed centrifugation (HS-C) is used to isolate MV. Therefore, our objective was to 28 

develop a new hybrid “capture-bioassay” with improved reproducibility combining MV 29 

immunocapture from biofluids and measurement of their TF activity. 30 

Materials and Methods  31 

Factor Xa generation and flow cytometry assays were used to evaluate IMS beads 32 

performance, and to select the most effective capture antibodies. The analytical performance 33 

between IMS-based and HS-C-based assays were evaluated with various models of plasma 34 

samples (from LPS-activated blood, spiked with tumoral MV, or with saliva MV) and 35 

different biofluids (buffer, plasma, saliva, and pleural fluid). 36 

Results  37 

Combining both CD29 and CD59 antibodies on IMS beads was as efficient as HS-C to isolate 38 

plasmatic PS+MV. The IMS-based strategy gave significantly higher levels of MV-TF 39 

activity than HS-C in tumor MV spiked buffer, and both pleural fluids and saliva samples. 40 

Surprisingly, lower TF values were measured in plasma due to TFPI (TF pathway inhibitor) 41 

non-specifically adsorbed onto beads. This was overcome by adding a TFPI-blocking 42 

antibody. After optimization, the new IMS-based assay significantly improved reproducibility 43 

of MV-TF bioassay versus the HS-C-based assay without losing specificity and sensitivity. In 44 

addition, this approach could identify the cellular origin of MV-TF in various biological 45 

fluids. 46 

Conclusion  47 

Compared to HS-C, the IMS-based measurement of MV-TF activity in body fluids improves 48 

reproducibility and makes the assay compatible with clinical practice. It can facilitate future 49 

automation. 50 

 51 
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 57 

 58 

INTRODUCTION 59 

 60 

Stratification of patients according to their thrombotic risk remains a real challenge in various 61 

clinical settings such as cancer, cardiovascular disease, and immuno-inflammatory diseases. 62 

Current combinations of clinical and biological variables still fail to efficiently predict the risk 63 

of thrombosis arguing for a need for predictive biomarkers. Among the candidates, large 64 

extracellular vesicles (better known as microparticles or microvesicles, MV) are present in all 65 

biological fluids (blood, saliva, pleural effusions, etc.). They can promote coagulation and 66 

thrombosis (1–4). Indeed, MV provide a catalytic surface for the assembly of the coagulation 67 

complexes through 1) the exposure of anionic phospholipids such as phosphatidylserine (PS) 68 

on the external leaflet of the membrane and 2) the presence of tissue factor (TF), which is the 69 

main initiator of the coagulation cascade, on some subsets of vesicles (5–8).  70 

The contribution of TF+ large extracellular vesicles (MV-TF) in thrombus formation (9–12) 71 

has been demonstrated in animal models using injection of exogenous MV from either 72 

leukocytes, endothelial cells, or tumor cells; it may also use endogenous production of cancer-73 

derived MV. Moreover, prospective studies in cancer patients showed an association between 74 

elevated levels of MV-TF and the risk of developing venous thrombosis. However, the 75 

association between high levels of MV-TF and VTE has been shown in tumors with a high 76 

risk of thrombosis such as in glioblastoma and pancreaticobiliary cancer (13–16). This may be 77 
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due to a lack of sensitivity and reproducibility of the current methods used to measure MV-TF 78 

in clinical samples as well as heterogeneous mechanisms involved in thrombus formation 79 

according to the type of cancer and the cellular origin of the MV (17). 80 

Assays currently available to measure MV-TF are based on different approaches—either 81 

detecting the TF antigen on MV or measuring the TF-dependent procoagulant activity of MV. 82 

Antigenic detection of TF on circulating MV shows limitations because 1) both cryptic and 83 

decrypted TF may be equally detected whereas these two forms are not equally active and 2) 84 

the measurement of TF by flow cytometry remains challenging because of its low levels on 85 

MV (18,19). Alternative methods evaluate TF activity by measuring the capacity of MV to 86 

generate factor Xa, thrombin, or a clot (20–23). In order to tackle specificity and sensitivity 87 

issues related to such functional assays, we recently developed a new MV-TF activity assay 88 

that includes a specific control based on an inhibitory anti-TF antibody (SBTF1) and involves 89 

an optimized protocol (24) with improved specificity. However, the isolation process remains 90 

a critical step. Indeed, when high-speed centrifugation (HS-C) is used for the isolation of MV 91 

from plasma samples, variable activity levels are obtained with different rotors despite 92 

standardization of the centrifugation protocol (time, speed, …); this leads to a lack of 93 

reproducibility (24). Moreover, HS-C is known to generate MV aggregates impeding further 94 

delineation of the cellular origin of the TF activity (25).  95 

Beside this technical issue impeding the reproducibility of TF dependent MV assays, another 96 

limiting condition is that none of them identify the cellular origin of MV-TF. The interest to 97 

focus on specific subsets of MV-TF activity is supported by 1) the selective expression of TF 98 

on endothelial, leukocytic, or tumor cell-derived MV and 2) the potential better predictive 99 

value of MV subsets in regard to disease severity and cardiovascular complications(26). 100 

Therefore, our objective was to develop a new assay, independent from HS-C, to improve the 101 
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repeatability of the current HS-C based assay (without losing specificity and sensitivity). 102 

Thus, immunomagnetic separation (IMS) was chosen as the MV isolation method. Our study 103 

shows that IMS offers efficient, repeatable, and selective measurement of MV-TF activity in 104 

various human body fluids (plasma, saliva, and pleural fluids). 105 

MATERIALS AND METHODS 106 

 107 

Biological fluid collection 108 

 109 

Platelet-free plasma  110 

Platelet-free plasma (PFP) were prepared from local blood bank donors, who signed an 111 

informed consent, being collected and processed according to the current minimal information 112 

for studies of extracellular vesicles guidelines(27). Briefly, blood was collected into 2.7 mL 113 

Vacutainer® tubes containing 0.109 mol/L sodium citrate (BD Diagnostics, Rungis, France) 114 

and incubated w/o lipopolysaccharide (LPS) (1 µg/mL, Escherichia coli O111: B4; Sigma 115 

Aldrich, Lyon, France) for 10 h at RT. The PFP was prepared with two successive 116 

centrifugations (2,500 g, 15 min, RT with a 5417R or C centrifuge -Rotor: F-45-30-11, 117 

Eppendorf, Montesson, France) and stored at -80°C until use. 118 

Pleural fluids 119 

Pleural effusion samples from cancer patients had been collected and processed as previously 120 

published(28). Briefly, they were centrifuged at 300 g for 10 min and at 1,000 g for 15 min at 121 

room temperature without stopping. The collected supernatant was stored at −80°C until 122 

further use. After thawing in a water bath at 37°C, a 1:10 dilution was necessary before 123 

measuring the MV-TF activity. 124 

Saliva  125 

Saliva samples (5 ml) were collected from healthy donors who did not eat or brush their teeth 126 

at least two hours before sampling. Samples were diluted 1:10 in buffer H (150 mM NaCl, 20 127 
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mM HEPES (4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid) and 0.1% NaN3, pH 7.4, 128 

0.22 µm filtrated) and centrifuged twice at 2500 g (15 min without a break) to remove cell 129 

debris before storage at -80°C until use. After thawing in a water bath at 37°C, an initial 130 

dilution of 1:3 was necessary before measuring MV-TF activity or for spiking experiments. 131 

 132 

BxPC-3 and HAP-1 microvesicles preparation  133 

Human adeno-pancreatic BxPC3 cells (Sigma Aldrich, Lyon, France) were cultured in RPMI 134 

1640 medium (Thermo Fisher Scientific, Illkirch-Graffenstaden, France) supplemented with 135 

10% fetal bovine serum (FBS), 1% penicillin, and 1% streptomycin (GIBCO BRL) in a 136 

humidified atmosphere at 37 C, 5% CO2. Haploid human cell line (HAP1) and its TF knock-137 

out derivative KO-TF-HAP1 were grown at 37°C and 5% CO2 in Iscove's Modified 138 

Dulbecco's Medium (IMDM) supplemented with 10% FBS, 1% penicillin, and 1% 139 

streptomycin. Cell viability was assessed by trypan blue dye exclusion. TF-protein expression 140 

was checked by flow cytometry, and TF-gene expression was checked by qPCR. Cells were 141 

diluted 1:4 in new medium when they reached 80% confluence. The MV rich culture 142 

supernatant was cleared from cells by two successive centrifugations at 300 g for 5 min and 143 

from debris by centrifugation at 2,500 g for 15 min. Finally, MV were pelleted by HS-C at 144 

24,000 g, 60 min, and washed twice in PBS-BSA (PBS BSA 0.1% - sodium azide 0.09%) 145 

before storage at -80°C until use. After thawing, MV were enumerated by flow cytometry as 146 

detailed below and spiked either in PFP or HEPES buffer.  147 

Immunomagnetic beads preparation 148 

 149 

Streptavidin beads selection 150 

Streptavidin paramagnetic beads were selected according to the following criteria: a) a 151 

nominal size of 1 µm, b) a low non-specific capture of proteins, c) the absence of detergent in 152 

the final storage and reaction buffer, and d) a high level of free biotin binding per unit.  153 
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 154 

Antibody biotinylation 155 

Many antibodies were used: CD4, CD11b, CD11c, CD13, CD14, CD15, CD18, CD24, CD29, 156 

CD30, CD33, CD38, CD41, CD43, CD45, CD45 RA, CD45 RO, CD46, CD48, CD52, CD54, 157 

CD55, CD59, CD61, CD62P, CD62L, CD63, CD64, CD66B, CD68, CD81, CD85j, CD86, 158 

CD89, CD98, CD99, CD101, CD115, CD131, CD146, CD162, CD326, anti-HLA-DR, and 159 

the irrelevant IgG1 control anti-DNP (Dinitrophenol). These were provided by Biocytex after 160 

being labeled as follows: antibodies were mixed with Sulfo-NHS-LC-Biotin (EZ-161 

link/ThermoFischer, Illkirch-Graffenstaden, France) in amine-free PBS for 30 min at RT. 162 

Biotin-labeled antibodies and free biotin were separated using a desalting column in PBS 163 

(Sephadex G-25 in PD-10, GE Healthcare/Life Sciences, Tremblay-en-France, France). 164 

Positive fractions were concentrated with Amicon® Ultra-4 (Merck, Darmstadt, Deutschland) 165 

to obtain a final concentration of antibody higher than 1 mg/ml. Finally, biotinylated 166 

antibodies were stored in a conservation buffer at 4°C (PBS-Azide; 0.137 M NaCl, 0.27 mM 167 

KCl, 0.01 M Na2HPO4 18 mM KH2PO4, 0.09% sodium azide, pH: 7.4). 168 

Coating and storage of streptavidin beads 169 

Before coating, streptavidin beads were washed in PBS-BSA using a magnet bead separator 170 

(Dynamag-2, Invitrogen Dynal, Oslo, Norway). The beads were then incubated with the 171 

antibody solution during one min at RT. After removal of the supernatant, antibody-coated 172 

beads (IMS-beads) were washed in PBS-BSA buffer and stored at 4 mg/ml in the same buffer 173 

at 4°C. 174 

 175 

IMS-based MV-TF activity assay 176 

MV-TF activity was measured in samples either after isolation by HS-C as previously 177 

published (24) or by IMS as follows. Briefly, 100 μL of sample were incubated for 60 min at 178 

RT under mild rotative mixing. Different conditions of bead amount and contact time with 179 
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MV were tested as reported in the results section. The MV-loaded beads were washed and 180 

resuspended in 140 µl of HEPES buffer. The TF activity was then measured by a fluorogenic 181 

assay as described in Vallier et al. (24). Briefly, aliquots (70 µl) were pre-incubated for 30 182 

min at 37°C with either an inhibitory anti-TF monoclonal antibody (10 µg/ml final, clone 183 

SBTF-1, BioCytex, Marseille, France) or a control antibody (10 µg/ml, clone a-DNP 2H11-184 

2H12, BioCytex, Marseille, France). Then, 8 µl HEPES-Ca²+ buffer (150 mM NaCl, 20 mM 185 

HEPES and 0.1% NaN3, 50 mM CaCl2, pH 7.4, 0.22 µm filtrated) containing purified human 186 

FVII and FX (Stago BNL, JV Leiden, Netherland) was added to each 70 µl sample to produce 187 

final concentrations of 10 nM, 190 nM, and 5 mM CaCl2 respectively and incubated for 188 

another 2 h at 37°C. FXa generation was stopped by the addition of 8 µl of EDTA buffer (150 189 

mM NaCl, 20 mM HEPES and 0.1% NaN3, 200 mM EDTA, pH 7.4, 0.22 µm filtrated). To 190 

avoid beads interference, the supernatant was transferred in another plate after magnetization 191 

of beads. The FXa fluorogenic substrate (1 mM final, BioCytex, Marseille, France) was added 192 

onto the bead supernatant. Finally, the fluorescence at 390 nm (excitation) and 460 nm 193 

(emission) was monitored for 15 min at 37°C on a microplate fluorescence reader 194 

(Fluoroskan, CAT instrument, Stago, Asnières-sur-Seine, France). Data from plasma-purified 195 

MV were expressed as fmol/L by comparison to a calibration curve generated using 196 

recombinant TF. Irrelevant IMS were performed using beads coated with an antibody against 197 

DNP—a small hapten molecule not expressed on human cells. 198 

 199 

Flow cytometry analysis 200 

 201 

Microvesicle gating  202 

MV were analyzed by flow cytometry on a last generation instrument (CytoFLEX S*, 203 

Beckman Coulter) in which the side scatter (SSC) parameter was collected at 405 nm (violet 204 

SSC) to improve the size-related resolution in the sub-micron range. A standardized gate for 205 
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MV analysis was determined with the help of a new tool called Gigamix-Plus (BioCytex) 206 

made of eight different polystyrene beads (75 nm, 100 nm, 160 nm, 200  nm, 240 nm, 300 207 

nm, 500 nm and 900 nm) obtained by mixing both Megamix-Plus SSC and FSC beads (29), 208 

and supplementing by an additional 75 nm bead. We set the MV gate using Gigamix-Plus in 209 

comparison to Megamix-Plus SSC as described in detail in Supplemental Figure 1. Briefly, 210 

the lower limit is defined under the 75 nm beads and the upper limit is over the 900 nm beads. 211 

 212 

Microvesicle enumeration 213 

Samples (10 µl) containing MV were incubated 15 min at RT with a mixture of 0.7 µl of 214 

Annexin V-FITC (fluorescein isothiocyanate) 1:30 in calcium buffer (Tau Technology, 215 

Kattendijke, NL), 0.7 µl CD235a-AF735 (Alexa Fluor735, 11E4B-7-6, Beckman-Coulter), 216 

0.7 µl CD15-BV650 (brilliant violet 650, W6D3, Biolegend Saint-Cyr-l'École, France), and 217 

0.5 µl CD41-PE (phycoerythrin, PL2-49, Biocytex) or 0.5 µl of HLA DR-PE (Immu-357, 218 

Beckman Coulter) in 100 µl calcium buffer. The positivity threshold was determined 219 

beforehand with isotype controls matched with their relevant antibody conjugates in terms of 220 

fluorescence background. The MV subsets were defined as follows: platelet-MV (PMV) as 221 

AnnV+/CD41+, erythrocyte-MV (EryMV) as AnnV+/CD235a+, granulocyte-MV (GranMV) 222 

as AnnV+/CD15+, monocytes-MV (and few B lymphocytes-MV) (HLA-DR MV) as 223 

AnnV+/HLA-DR+, and epithelial cancer MV as AnnV+/CD326+. When needed, absolute 224 

counts of MV were determined using MP-Count Beads (BioCytex) as previously published 225 

(30). 226 

 227 

Statistical analysis 228 

Statistical analyses were performed with GraphPad Prism software version 5.0 (GraphPad 229 

Software, San Diego, CA, US). Significant differences were determined using a non-230 
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parametric Mann-Whitney test and one-way ANOVA. A p-value less than 0.05 was 231 

considered statistically significant.  232 

 233 

RESULTS 234 

 235 

Comparison of IMS and high-speed centrifugation to isolate MV from plasma  236 

 237 

To select the best immuno-magnetic tools to isolate MV from body fluids, we first evaluated 238 

the MV capture efficiency of several magnetic beads coated with various antibodies. This was 239 

achieved by counting the remaining MV detectable by flow cytometry in plasma samples 240 

post-IMS. Figure 1A illustrates a few examples of isolations by beads coated with antibodies 241 

against CD55, CD15, CD41, and anti-HLA-DR. Either all PS+ MV (AnnV+ MV) or the 242 

specifically targeted subsets Gran-MV (CD15+), PMV (CD41+) or Mono- (+/- B 243 

Lymphocytes, HLA-DR+) MV were removed.  244 

The performance of IMS in depleting MV from various subtypes is reported in Table 1. Non-245 

specific depletion with Ctrl-IMS was minimal (<5%). IMS-based MV isolation depended on 246 

the beads’ specificity. Lineage-oriented magnetic separations were efficient to remove their 247 

respective targets: CD41-coated beads removed 98+/-3% of PMV, CD15 beads removed 248 

92+/-4% of Gran-MV, and anti-HLA-DR-coated beads removed 84+/-15% of Mono-MV. The 249 

non-specific capture induced by unreactive beads (a-DNP IMS) remained low (< 5%). The 250 

non-specific capture of untargeted MV subsets in lineage-oriented IMS systems was 251 

sometimes surprisingly higher than expected (up-to 35%) and was mainly observed when the 252 

most frequent PMV subset was targeted using CD41 IMS. In our hypothesis, the highest 253 

levels of non-specific capture might be due to the co-isolation of aggregated vesicles, e.g., 254 

CD15+ Gran-MV aggregated with CD41+ PMV may come out with CD41 IMS. 255 
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However, each of these individual bead types captured significantly less FCM-characterized 256 

PS-expressing MV (AnnV+ MV) than what HS-C could isolate. Therefore, these could not 257 

replace HS-C for exhaustive capture. Even beads targeting widely represented antigens 258 

(CD29, CD55, CD59, and HLA-ABC) provided a significantly lower percentage of isolation 259 

than HS-C. Thus, a combination strategy was tested where the same beads were coated with 260 

two different antibodies with synergistic antigenic coverage (CD29-59 IMS). Figure 1B and 261 

Table 1 show that CD29-59 IMS could isolate as many AnnV-MV as HS-C (84+/-7% vs 262 

82+/-10%, respectively, p = 0.7). CD29-59 IMS and HS-C displayed the same efficiency to 263 

isolate CD41, CD15, and HLA DR MV from plasma and was significantly more efficient to 264 

capture the CD235a+ (erythrocytic) MV. The CD29-59 beads were therefore selected as an 265 

appropriate tool to replace centrifugation. 266 

Comparison of CD29-59 IMS and high-speed centrifugation based MV-TF activity 267 

assays in different body fluids 268 

The efficacy of CD29-59 IMS to isolate the MV-TF activity was tested on different body 269 

fluids, by reference to HS-C. Figure 2A shows that when using CD29-59 IMS rather than HS-270 

C, TF activity levels were significantly increased for saliva (+53% +/-5.3%, p=0.007) and for 271 

tumoral pleural effusions (+84 +/-4.7%, p=0.016). Similarly, significantly more MV-TF 272 

activity was measured when tumoral MV (BxPC3 MV) was spiked in HEPES buffer. 273 

However, the IMS-based activity dropped when the same amount of MV was spiked in 274 

plasma suggesting that a soluble plasma component interfered with this measurement. Thus, 275 

we tested the hypothesis that TFPI (tissue factor pathway inhibitor: the major plasmatic 276 

inhibitor of TF) may be adsorbed on the plastic beads rather than be washed-out after IMS. A 277 

range of TFPI concentrations (0-1500 ng) was incubated on unspecific IMS beads (Ctrl-IMS) 278 

in HEPES buffer. After 60 minutes, Ctrl IMS beads were washed and incubated with BxPC-3 279 

MV. As a result, we observed a dose-dependent inhibition of the MV-TF activity starting 280 

from the infra-physiological TFPI concentration of 6.2 ng/ml (Figure 2B).  281 
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As confirmed in Figure 2C, the MV-TF activity was inhibited when IMS beads were pre-282 

incubated in normal plasma (NP) but was preserved using TFPI-deficient plasma (DEF) or in 283 

the presence of an anti-TFPI antibody. Altogether, these results demonstrate that plasmatic 284 

TFPI is adsorbed by the IMS beads and is responsible for the decrease of MV-TF activity 285 

isolated from plasma. Therefore, the anti-TFPI antibody was systematically incorporated into 286 

the IMS-based assay, and also into the HS-C-based assay for future comparisons.  287 

 288 

Optimization of IMS conditions for measuring MV-TF activity.  289 

 290 

To optimize the IMS conditions, we next varied the concentration of beads and the time of 291 

MV capture. MV-TF activity was measured in plasma samples prepared from LPS-treated 292 

whole blood. Figure 3A shows that a minimum amount of 3N (N=33 µg) CD29-59 beads was 293 

required to get significantly increased MV-TF activity versus HS-C (+33% +/-3%, p = 294 

0.0132). No significant increase was found upon further increasing the amount of beads; thus, 295 

3N was selected as the adequate quantity. Using this amount of beads, we next defined the 296 

optimal time of capture to be 60 min (Figure 3B). Interestingly, increasing the amount of 297 

beads (6N) could reduce this time down to 30 min. However, the condition 3N x 60 min was 298 

selected as the best compromise between cost and IMS-based isolation efficiency for further 299 

experiments. These chosen IMS conditions were robust to the amount of total MV present in 300 

the sample. Indeed, as illustrated in Suppl Fig. 2, the MV-TF activity could be efficiently 301 

isolated even in a large excess of total MV in the sample after spiking LPS-activated plasma 302 

with MV from saliva and increasing the total load of MV more than 10-fold.  303 

Of note, these same IMS conditions were also verified to deplete more than 95% of the TF 304 

antigen present in a suspension of washed BxPC3 MV as illustrated in Suppl. Fig. 3; HS-C 305 

still left about 10% of MV-associated TF in the supernatant.  306 

 307 
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Evaluation of analytical performance of the IMS-based MV-TF activity assay  308 

 309 

We then evaluated the sensitivity, specificity, linearity and reproducibility of the optimized 310 

IMS assay in various models of platelet-free plasma. First, in the BxPC3 MV-spiked plasma 311 

model, we showed that TF-PCA was significantly increased using IMS versus HS-C (67+/- 312 

4.0 fM vs 13+/-7.0 fM; p<0.0001, n= 9; Figure 4A). This increased sensitivity was confirmed 313 

while studying the other model of plasma from LPS-activated versus unstimulated blood 314 

(Figure 4B), even in the lower range of MV-TF concentrations measured in normal plasma 315 

(10+/-1.3 fM vs. 4.0+/-2.7 fM; p=0.002). Second, the TF specificity of the IMS-based assay 316 

was checked using MV (HAP-MV), which had TF knocked-out. Figure 4C shows that no TF-317 

specific activity was measured over a wide range of concentrations of KO-TF-HAP MV in 318 

contrast to parental MV (HAP-MV), confirming the specificity of the assay. Third, the test 319 

had good linearity using the same MV (r2> 0.99; Figure 4D).  320 

The quantity of IMS beads used in our MV isolation protocol should not only be optimal for 321 

normal plasma but should also be applicable in a pathological context associated with high 322 

amounts of MV. This was checked with a model of plasma spiked with excess amounts of 323 

saliva MV. Indeed, our system maintained a comparable MV isolation capacity despite the 324 

addition of more than 10 times the amount of total MV present in unspiked plasma. 325 

(Supplemental Figure 2). 326 

Finally, we compared IMS and HS-C (Table 2) in terms of reproducibility. The coefficient of 327 

variation (CV) for repeated assays was lower using IMS than HS-C in low, medium, and high 328 

ranges of activity (mean value: 9% +/-5% vs 25% +/-10%, p=0.05). Similarly, the inter-329 

operator reproducibility was significantly improved in the IMS condition (CV mean value: 330 

12% +/- 5.5% vs 28% +/- 11%, p=0.04). These results showed the better reproducibility of the 331 

CD29-59 IMS-based MV-TF activity assay versus the HS-C-based version without losing the 332 

sensitivity and TF specificity of the assay.  333 
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 334 

Identification of the origin of MV-TF by selective IMS 335 

 336 

One theoretical advantage of immunological capture is to help identify the cellular origin of 337 

MV-TF. Thus, we performed multiple selective IMS made to capture MV subsets on plasma 338 

from LPS-activated blood (LPS-plasma) and cancer pleural fluids. A case of LPS-plasma is 339 

illustrated in Figure 5A featuring an initial screening of forty putative target antigens 340 

including platelet-, endothelium- and leucocyte-associated markers; mostly monocyte-341 

associated markers were chosen here because of the well-known TF-inducing effect of LPS 342 

activation on monocytes.  343 

IMS experiments were stratified according to the level of isolated TF activity. Figure 5A 344 

shows a broad range of TF activity levels depending on the specificity of the antibody coated 345 

on the IMS beads. IMS isolations with an activity <5 fM TF were considered negative 346 

including those targeting the platelet-, endothelium-, and granulocyte-lineage specific 347 

antigens CD41, CD61, CD62P, CD146, and CD66b. In contrast, some IMS beads were 348 

isolated with high activity levels (~ or > 50 fM), which is comparable to that of our previous 349 

“Pan MV” reference CD29-59 IMS, i.e., CD11b, CD18, anti-HLA-DR, CD33, and CD45. 350 

Interestingly, most other IMS beads tested, targeting well-known monocyte-associated 351 

antigens such as CD14, CD64, CD11c, CD13, CD38, CD4, CD54, and CD162, collected  352 

lower albeit clearly significant levels of activity (10-50 fM TF). This suggests a monocytic 353 

origin of the TF-PCA in this sample (Fig. 5A).  354 

A new experiment (Fig. 5B) clearly confirmed this preferential monocytic orientation. Other 355 

than the anti-HLA-DR IMS that recovered the same high level of activity as the “pan-MV” 356 

CD29/59 IMS, the gran-MV-oriented CD15 IMS, the PMV-oriented CD41 IMS, and the 357 

endo-MV-oriented CD146 IMS all captured negligible levels of TF activity.  358 
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We similarly studied the MV-TF activity in the case of cancer pleural effusion (Fig. 5C). This 359 

was mainly supported by MV showing the positivity for CD326, i.e., the epithelial cell 360 

adhesion molecule (EpCAM)—an antigen over-expressed on most solid tumors. In addition to 361 

CD326 IMS, significant levels of TF-PCA were also isolated from this single example of 362 

pleural fluid using anti-HLA-DR as well as CD146 IMS suggesting the presence of 363 

TF+/HLA-DR+ monocyte MV (MonoMV) as well as TF+/CD146+ Endo-MV or the co-364 

expression of these antigens (EpCAM/CD326, HLA-DR and MCAM/CD146) on the same 365 

Tumor-MV. Thus, IMS allowed the use of a large library of specificities and was a useful tool 366 

to investigate the cellular origin of the MV-TF activity in biological samples. 367 

 368 

DISCUSSION  369 

 370 

Here, we developed a new hybrid capture bioassay to measure MV-TF activity that bypasses 371 

HS-C to isolate MV from human body fluids. The novelty of this assay is that it combines the 372 

specific immunocapture of MV from body fluids with the measurement of TF activity. The 373 

use of magnetic beads coated with both anti-CD29 and anti-CD59 antibodies is as efficient as 374 

HS-C to isolate all PS+ MV detectable by flow cytometry. It is more efficient than HS-C to 375 

recover the MV-associated TF activity. The use of several body fluids (plasma, pleural fluid, 376 

and saliva) demonstrated that the new assay was more reproducible than the HS-C-based 377 

assay without losing sensitivity and TF specificity. Moreover, we showed for the first time 378 

that IMS can identify the cellular origin of MV-TF in biological samples. 379 

Whole plasma (or even whole blood) coagulation assays have been proposed to measure TF-380 

dependent procoagulant activity (TF-PCA)(8,31,32). Although each of the TF activity assay 381 

principles has its own advantages and limitations, global assays are most often dependent on 382 
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inhibitors such as TFPI, clotting factors other than TF, or on-going treatments(33) such as 383 

heparin(32) or oral anti-coagulants. Such assays are also affected by non-TF-dependent 384 

alternative coagulation systems such as the contact pathway. These assay principles may need 385 

blockage with CTI or anti-FXI antibodies(31,32) to neutralize the contribution of the contact 386 

pathway and they often create complex result interpretation.  387 

In contrast, our approach avoids interferences by first isolating TF-bearing MV from their 388 

plasmatic environment and then using synthetic systems to reveal TF activity as already 389 

described for FXa generation assays. Indeed, most whole plasma methods such as the fibrin 390 

generation test(32) also use MV isolated from patient samples followed by spiking into a 391 

well-known matrix of MV-free normal plasma pool. Thus, even with whole plasma or blood 392 

clotting assays, MV isolation prior to TF-PCA evaluation looks like a mandatory step as 393 

shown by Aras et al(34). 394 

Different methods have been described in the literature to isolate small or large extracellular 395 

vesicles (EV) from various biological fluids (35,36). Among methods based on physical 396 

properties of MV, density gradient separation and especially flotation result in a good purity 397 

of EV but are very time-consuming with generally low and non-reproducible yields (37,38). 398 

Polymer-based isolation mainly including poly-ethylene glycol (PEG) precipitation is fast but 399 

shows a high level of non-EV contamination (37,38). Size exclusion chromatography (SEC) 400 

is a good compromise between yield and purity but necessitates sample re-concentration after 401 

elution and is not compatible with clinical practice (39,40). Centrifugation, either “high-402 

speed” (HS-C i.e. ~20,000 g) for large EV (MV) or ultra-centrifugation (> 70,000 g) for small 403 

EV is the most commonly used method for isolating EV; however, centrifugation is time-404 

consuming andprovides EV with low recovery, low purity (41–43) and limited reproducibility 405 

(24). Immunological approaches based on target antigen(s) expression can use FACS to 406 

specifically isolate large EV, but ththis is time-consuming and requires expensive and 407 
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complex equipment (44). Microfluidic techniques (45) based on immuno-capture of EV in 408 

micro-channels can be specific, but they may also be characterized by low recovery yields due 409 

to a limited binding capacity.  410 

By illustrating IMS in biological fluids other that plasma samples, we demonstrate here that 411 

this new approach 1) can be applied in various body fluids regardless of the viscosity of the 412 

medium and 2) that its efficacy is as good as high speed centrifugation (HS-C). Indeed, media 413 

viscosity is a critical parameter that influences the efficiency of EV isolation for most EV 414 

isolation techniques. Importantly, IMS may be one of the least influenced isolation methods 415 

because affinity binding rather than physical properties of EVs are the main drivers. Indeed, 416 

IMS as an isolation technology for e.g. cells or bacteria, has been applied in complex 417 

biological samples such as whole blood, bone marrow, and even stool samples. Thus, it 418 

appears to be the most appropriate for viscous media. 419 

We showed here that the new IMS strategy was as efficient as HSC to isolate MV. Indeed, the 420 

use of magnetic beads coated with antibodies with broad specificity allows exhaustive capture 421 

of target antigen-positive MV probably due to the large binding surface provided by 422 

microspheres ensuring high probability of meeting between MV and beads. IMS has already 423 

been used to isolate either i) most EV via targeting broadly represented molecules or ii) 424 

subsets of EV using lineage-specific antigens. First, phosphatidylserine (PS) was targeted to 425 

isolate EV using beads coated with annexin V or TIM-4 (T-cell membrane protein 4) in a 426 

calcium-dependent manner or with lactadherin (46,47) as a calcium-independent alternative. 427 

However, PS is not expressed on all EV (48). Tetraspanins (CD9, CD63, and CD81) are the 428 

most frequently targeted antigen to isolate EV (49) but these specificities are mostly related to 429 

small EV and may not cover all EV especially the procoagulant TF-positive MV that we aim 430 

to collect. We used a screening strategy based on numerous cell-surface CD to show that the 431 

combined targeting of both CD29 and CD59 antigens was an effective strategy to isolate most 432 
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MV in general as seen in FCM and most TF activity-bearing MV in particular. This potential 433 

was probably due to their broad and complementary expression on circulating cells and also 434 

MV. Indeed, CD59/MIRL serves as a complement decay ecto-enzyme and must be present on 435 

all nucleated cells as well as on red blood cells at a significant level (e.g. 45,000 436 

molecules/RBC (50)) since its absence is pathological, e.g. in paroxysmal nocturnal 437 

hemoglobinuria (51). We also considered this to be an attractive target since its GPI 438 

anchorage appears favorable for its association with lipid rafts and thus its incorporation onto 439 

EV membrane (52,53). Integrins are also known to be well expressed on MV (54) and 440 

CD29—these are common beta chains of all very late activating antigen (VLA; CD49 a to f) 441 

and can be found on many leucocytes. This glycoprotein is also present on platelets as part of 442 

the GPIa/IIa complex; thus, it complements the low expression of CD59 on platelet (and 443 

PMV) surfaces.  444 

Compared to HS-C, our IMS strategy was more sensitive to recovering the MV-associated TF 445 

activity. Indeed, the MV-PCA was higher in the IMS assay than the HS-C in tumor MV-446 

spiked buffer, saliva, and pleural fluids. The apparent decrease observed in plasma was due to 447 

a nonspecific adsorption of TFPI onto beads—this decrease was overcome by adding a TFPI 448 

blocking antibody. The addition of anti-TFPI in thrombin generation assays increases the 449 

activity already reported (55). This addition is a major difference with the previous HS-C 450 

version of the assay (24) and asks whether the information obtained by the two types of 451 

assays is of similar nature given the pathophysiological role of TFPI. However, previous 452 

observations questioned the HS-C process around 20,000 g and the subsequent EV washing 453 

already removed the soluble TFPI while higher centrifugation speeds (>70,000 g) retained it 454 

(24). In agreement with that, the conditions of the HS-C-based MV-TF activity assay (24,000 455 

g, 1 h x 2) showed no significant difference with or without the presence of TFPI-neutralizing 456 

antibody (data not shown). Thus, both the HS-C and IMS versions of the MV-TF assays 457 
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measure similar information. Therefore, better sensitivity of the new IMS-based assay in 458 

comparable volumes (i.e. 100 µL) of plasma should be attributed to a better level of MV 459 

capture rather than to the inhibition of TFPI because we demonstrated an exhaustive (>95%) 460 

immune-depletion of the MV-associated TF antigen whereas HS-C left about 10% in the 461 

supernatant (illustrated in Suppl. Fig. 3). 462 

This higher sensitivity of CD29-59 IMS versus HS-C was demonstrated by 1) the existence of 463 

a basal level of MV-TF activity that was much higher in unstimulated PFP from healthy 464 

donors and by 2) the significant increase of activity for MV in LPS-stimulated PFP. The 465 

higher sensitivity of the new IMS-based assay is probably due to a better level of MV capture 466 

especially the smallest ones that express TF and PS but remain below the detection threshold 467 

of the most sensitive flow cytometry protocol. 468 

The most important technical advance of our new hybrid TF assay is to bypass HS-C to 469 

isolate MV. Indeed, we have previously shown that isolation of the MV by HS-C has limited 470 

reproducibility and repeatability as shown by the CV of MV TF activity data: These metrics 471 

were significantly improved by bypassing centrifugation (56). This limited reproducibility 472 

associated with HS-C is consistent with previous studies showing that the recovery of the 473 

pellet depends on the rotor type, the centrifugation speed (g-force), and the centrifugation 474 

time (57): These are physical parameters that were shown to significantly affect MV TF 475 

activity (56). Other disadvantages of centrifugation are the induction of MV aggregation (36) 476 

and the failure to discriminate MV from contaminating structures such as protein/lipid 477 

aggregates (35); both of these are responsible for limited purity. Here, we show that the use 478 

magnetic beads is an option to overcome the disadvantages of centrifugation and can 479 

specifically reducing the time to isolate MV and avoid washing steps.  480 

As we first showed in Cointe et al. (58), IMS was more reproducible than HS-C to evaluate 481 
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the fibrinolytic capacity of CD15 + MV in septic patients (58). This work similarly shows a 482 

major improvement brought into this PCA assay, i.e, lower CVs measured for intra-assay 483 

repeatability (mean value: 9% +/-5% vs 25% +/-10%, p=0.05; Table 2). Also, the inter-484 

operator reproducibility was significantly improved in the IMS condition (CV mean value: 485 

12% +/- 5.5% vs 28% +/- 11%, p=0.04). This reproducibility was not obtained at the expense 486 

of sensitivity nor TF specificity. This increase is likely because IMS requires minimal hands-487 

on time and produces purified MV enabling downstream analysis.  488 

Although intrinsic assay performance seems encouraging, the clinical interest of this new      489 

IMS-based MV-TF activity assay to predict thrombosis remains to be evaluated. The potential 490 

of this assay format using IMS for automation on laboratory robots should even enable better 491 

robustness for future routine use. Interestingly, it will have value in both plasma and other 492 

biofluids. 493 

Moreover, we showed that IMS can provide an opportunity to identify the cellular origin of 494 

MV-TF in biological samples. We first used a well-known model in the field where in vitro 495 

LPS activation of whole blood induces i) de novo TF expression on the surface of monocytes 496 

(59) as well as ii) TF PCA in plasma derived from the activated blood. Our study involved a 497 

screening strategy with numerous cell-surface targets (CD) including or lineage-specific or 498 

lineage-associated antigens (e.g., monocyte-associated antigens).  We found that most of these 499 

specificities could isolate significant TF activity. This confirmed the expected monocytic 500 

origin of MV-TF activity in plasma from LPS-activated blood. The fact that targeting these 501 

monocyte-associated markers isolated different levels of activity may be linked to variations 502 

in i) antigen density on monocyte-derived TF+EV and ii) monoclonal antibody affinity. In 503 

contrast, all IMS isolations directed against antigens specific for other MV subsets were 504 

negative including those against Gran-MV (CD15, CD66b), Endo-MV (CD146), and PMV 505 

(CD41, CD62P) with CD61 being possibly shared between PMV and EMV(60)  506 
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The new IMS strategy was also useful to define the cellular origin of MV-PCA in pleural 507 

fluid sample as illustrated for a case of EpCAM-positive epidermoid cancer. Indeed, CD326+ 508 

tumor-MV could be detected in this fluid illustrating that specific IMS isolation of EV 509 

included into a bioassay provides useful information to delineate the tumor cell origin of the 510 

MV-TF activity.  511 

IMS has been previously used to isolate specific tumoral subsets using glypican-1 (61) to 512 

identify cancer exosomes, EpCAM to detect epithelial cancers (62,63), EGFRv3 to capture 513 

glioblastoma-derived small EV (64), CSPG4 to detect patients with melanoma (65), and CA-514 

125 to detect ovarian cancer (66). However, none of these IMS-based approaches were 515 

intended to quantify a functional activity on EV. 516 

Thus, measuring MV-TF activity using IMS isolation is an innovative approach that tackles 517 

the issue of HS-C reproducibility without losing sensitivity or TF specificity and gives access 518 

to the determination of TF-PCA on MV subpopulations. These crucial improvements make 519 

the measurement of MV-TF activity more compatible with clinical practice and open the way 520 

for future automation. 521 

 522 

Tables 523 

   All MV PMV EryMV GranMV HLADR MV 

 HS-C 82±10 91±9 43±16 87±5 82±10 

  Ctrl IMS 3±3 5±7 0 2±7 3±2 

Lineage  

specific  

antigens 

CD41 IMS 50±13 98±3 19±16 33±36 23±27.2 

CD15 IMS 22±11 18±16 0 92±4 22±20 

HLA-DR IMS 27±6 13±11 0 19±14 84±15 

Widely  

represented 

antigens 

 

CD29 IMS 58±17 93±3 11±17 41±22 78±10 

CD55 IMS 49±16 63±21 55±26 52±20 59±20 

CD59 IMS 48±28 52±33 66±45 70±25 47±20 
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HLA-ABC IMS 66±13 83±9 23±23 75±10 75±17 

CD29-59 IMS 84±7 97±3 83±10 91±1 89±4 

 524 

Table 1. Efficacy of MV depletion as measured by high sensitivity flow cytometry.  525 

Three platelet-free plasma (PFP) samples from three patients were treated with i) a high-speed 526 

centrifugation (HS-C) or ii) an IMS-based isolation protocol (different specificities were 527 

used). The results indicate the percentage of microvesicle (MV) depletion in each sub-528 

population compared to the original sample (reference for 0% depletion). Grey shading 529 

indicates that MV depletion is better than or equal to HS-C. The various gates of interest in 530 

the flow cytometry protocol were defined via labeling with Annexin V-FITC (“All MV”), 531 

CD41-PE (PMV), CD235a-AF750 (EryMV), CD15-BV650 (GranMV), and anti-HLA-DR-532 

PE (Mono and B-lymphocyte-MV). HS-C: high-speed centrifugation; Ctrl IMS: A non-533 

reactive antibody was coated on the IMS beads. 534 

 Sample 
MV-TF 

level 
MV 

isolation 
Number 

of samples 
Number 

of operators 
CV (%) 

Repeatability 1 BxPC-3 PFP High 
HS-C 3 1 37 

CD29-59 IMS 3 1 1.2 

Repeatability 2 LPS-act. PFP Medium 
HS-C 3 1 20 

CD29-59 IMS 3 1 8.1 

Repeatability 3 Unstim. PFP Low 

HS-C 3 1 19 

CD29-59 IMS 3 1 17 

Inter-operator 

BxPC-3 PFP High 

HS-C 3 3 35 

reproducibility 1 CD29-59 IMS 3 3 10 

Inter-operator 

LPS-act. PFP Medium 

HS-C 3 3 16 

reproducibility 2 CD29-59 IMS 3 3 7 

Inter-operator 

Unstim. PFP Low 

HS-C 3 3 33 

reproducibility 3 CD29-59 IMS 3 3 18 
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 535 

Table 2. Comparison of reproducibility between optimized IMS- and HS-C-based MV-536 

TF assays. BxPC-3 PFP: MV BxPC-3 spiked into PFP, unstimulated PFP (Unstim PFP) and 537 

LPS-activated plasma (LPS-act. PFP). HS-C: high-speed centrifugation; IMS: 538 

immunomagnetic separation. 539 

 540 

Figure legends 541 

Figure 1: IMS-based MV isolation depends on the beads’ specificity. A. Flow cytometry-542 

based quantitation of residual MV before and after depletion with IMS (Immunomagnetic 543 

separation) or centrifugation. All results were obtained on CytoFLEX®, and actual events 544 

were previously gated on VSSC-H (violet side scatter height) using a Gigamix-Plus strategy. 545 

The various gates of interest were defined by labelling with Annexin V-FITC (All MV), 546 

CD15-BV650 (GranMV), CD41-PE (PMV), and HLA-DR-PE (Mono and B lymphocyte -547 

MV). In a representative experiment, the last column shows the absolute number of MV 548 

remaining after isolation in supernatants (SN) in the same sample volume, i.e. MV not 549 

collected by CD55 IMS beads (among all AnnV+ MV), CD15 IMS beads (among CD15+ 550 

MV), CD41 IMS beads (among CD41 MV), and anti-HLA-DR IMS beads (among HLA-DR+ 551 

MV). B. The depletion efficiency for each MV subset is compared between high-speed 552 

centrifugation (HS-C) and CD29-59 IMS (mean+/-s.d. values from three different platelet-553 

free plasma). NS: p>0.05; *: p<0.05. 554 

Figure 2: Comparison of CD29-59 IMS-based and high-speed centrifugation-555 

based MV-TF activity assays in different body fluids and the impact of 556 

TFPI 557 
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A. Comparison of yields between centrifugation (HS-C, 100%) and CD29-59 IMS in saliva 558 

(n=6), pleural fluids (n=4), HEPES buffer, or plasma samples spiked with purified cancer 559 

MV-TF (n=4). B. Inhibition of MV-TF activity by non-specific adsorption of TFPI on IMS 560 

beads. A wide range of TFPI concentrations (0-1500 ng) in HEPES buffer was added on a-561 

DNP Mab-coated (sham-) IMS beads. After 60 minutes, sham-IMS beads were washed and 562 

incubated with BxPC-3 MV before measuring the MV-TF activity. The physiological 563 

plasmatic concentrations of TFPI are indicated in the graph as “TFPI normal values” C. 564 

Efficacy of anti TFPI (α-TFPI) to neutralize the inhibitory effect of TFPI on MV-TF activity. 565 

MV-TF activity was measured on BxPC3 MV in the absence or presence of sham-IMS beads 566 

(µS) previously incubated with normal plasma (NP), TFPI-immunodepleted plasma (DEF), or 567 

NP with anti-TFPI antibody. Each sample (n) was treated in triplicate. NS: p>0.05; *: 568 

p<0.05;**: p<0.01; and ***: p<0.001. 569 

Figure 3: Optimization of experimental conditions in the bead-based MV-TF activity 570 

assay. The amount of beads and incubation time were key factors to optimize when 571 

outperforming the centrifugation-based isolation method A. N to 4N amounts of CD29-59 572 

IMS beads (white bars) were compared to high-speed centrifugation (Grey bar, HS-C, 100%) 573 

on 100 µl of PFP from LPS-activated blood. The activity levels after IMS isolation were 574 

compared to those gained via centrifugation. B. 3N (white bars) and 6N (dark grey bars) show 575 

the amount of CD29-59 IMS beads tested at 15, 30, 45, and 60 min and compared to high-576 

speed centrifugation (grey bar, HS-C, 100%) (2 x 60 min 24000 g) (mean values from 577 

triplicates). NS: p>0.05; *: p<0.05; **: p<0.01; and ***: p<0.001. 578 

Figure 4: Comparison of analytical performance between optimized IMS- and HS-C-579 

based MV-TF assays. A and B. Sensitivity. MV-TF activity was measured on BxPC-3 MV 580 

spiked into PFP (A) (n=9 i.e. 3x3 performed by 3 different operators) or (B) on 11 PFP w/o 581 
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LPS stimulation. C. Specificity. MV-TF activity was measured on HAP1- (grey bars) and 582 

KO-TF-HAP1- (white bars) MV spiked in PFP. Ctrl IMS: IMS beads coated with an 583 

irrelevant antibody (anti-DNP). The dotted line represents the limit of quantification. (n=3) D. 584 

Linearity. MV-TF activity was measured on HAP1-MV spiked in PFP at various levels (n=3). 585 

HS-C: high-speed centrifugation; IMS: immunomagnetic separation. **: p<0.01 and ***: 586 

p<0.001. 587 

Figure 5: Selection of an effective panel of monoclonal antibodies to identify the pro-588 

coagulant subpopulations of MV in the LPS model and an example of cancer pleural 589 

fluid (A) Results of multiple IMS isolations of MV-TF activity (vs. centrifugation as a 590 

reference). CD29-59 reference IMS (Grey bar). (B) Immunocapture of different MV subsets 591 

compared to CD29-59 IMS in the LPS model. (C) Immunocapture of different MV subsets 592 

compared to CD29-59 IMS in a sample of cancer pleural fluid (values from triplicates). 593 
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