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Immune-mediated thrombotic thrombocytopenic purpura (iTTP) is characterized by a severe ADAMTS13 deficiency due to the 
presence of anti-ADAMTS13 auto-antibodies, with subsequent accumulation of circulating ultra-large von Willebrand factor 
(VWF) multimers. The role of endothelial cell activation as a trigger of the disease has been suggested in animal models but 
remains to be demonstrated in humans. We prospectively obtained plasma from the first plasma exchange of 25 patients during 
iTTP acute phase. iTTP but not control plasma, induced a rapid VWF release and P-selectin exposure on the surface of dermal 
human micro-vascular endothelial cell (HMVEC-d), associated with angiopoietin-2 and endothelin-1 secretion, consistent with 
Weibel-Palade bodies exocytosis. Calcium (Ca2+) blockade significantly decreased VWF release, whereas iTTP plasma induced a 
rapid and sustained Ca2+ flux in HMVEC-d which correlated in retrospect, with disease severity and survival in 62 iTTP patients. 
F(ab)’2 fragments purified from the immunoglobulin G fraction of iTTP plasma mainly induced endothelial cell activation with 
additional minor roles for circulating free heme and nucleosomes, but not for complement. Furthermore, two anti-ADAMTS13 
monoclonal antibodies purified from iTTP patients’ B cells, but not serum from hereditary TTP, induced endothelial Ca2+ flux 
associated with Weibel-Palade bodies exocytosis in vitro, whereas inhibition of endothelial ADAMTS13 expression using small 
intering RNA, significantly decreased the stimulating effects of iTTP immunoglobulin G. In conclusion, Ca2+-mediated endothelial 
cell activation constitutes a “second hit” of iTTP, is correlated with the severity of the disease and may constitute a possible 
therapeutic target. 
 

Abstract 

Immune-mediated thrombotic thrombocytopenic 
purpura plasma induces calcium- and IgG-dependent 
endothelial activation: correlations with disease severity

Introduction 
Immune-mediated thrombotic thrombocytopenic purpura 
(iTTP) is a rare and life-threatening thrombotic microangio-
pathy (TMA) characterized by a severe thrombocytopenia 
(<30.109/L) and a mechanical hemolytic anemia. Con-
sequently, ischemic events of variable severity occur, 
mainly affecting the brain, the heart, and the mesenteric 
tract. The diagnosis of iTTP relies on the demonstration of 
ADAMTS13 protease functional deficiency (<10%), due to 
the presence of anti-ADAMTS13 auto-antibodies.1–3 
ADAMTS13 is responsible for the cleavage of ultra-large 
von Willebrand factor (UL-VWF) into smaller and less 

thrombotic multimers.4,5 Deficiency of ADAMTS13 activity 
leads to the accumulation of highly prothrombotic UL-VWF 
in the patient plasma inducing the formation of multiple 
platelet-rich thrombi into the microcirculation, consump-
tive thrombocytopenia, mechanical hemolysis and clinical 
symptoms.1–3 Despite treatments based on therapeutic 
plasma exchange (PEX) and immunosuppressive drugs, the 
mortality rate remains as high as 5-10%.  
Animal models demonstrate that in addition to ADAMTS13 
deficiency, endothelial UL-VWF exocytosis is necessary to 
reproduce the disease, suggesting that endothelial cells 
(EC) may participate in a “second hit” of the disease.6 UL-
VWF is the main constituent of endothelial Weibel-Palade 
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bodies (WPB), from which it can rapidly be released upon 
EC activation.6 In order to obtain a TTP-like disease, 
ADAMTS13 knockout (KO) mice need to be crossed with 
mice expressing high intracellular concentrations of VWF, 
then to be injected with shigatoxin to induce WPB de-
granulation leading to UL-VWF release, showing that inac-
tivation of the adamts13 gene is not sufficient to induce 
TTP-like manifestations.7,8,9 In agreement, injections of 
large concentrations of recombinant VWF can induce TTP 
in ADAMTS13 KO mice. Moreover, vwf gene deletion results 
in complete protection in the shigatoxin-induced TTP mu-
rine model, demonstrating the absolute requirement of 
VWF to develop TTP.10,11 Another TTP model consisting in in-
jection of murine anti-ADAMTS13 inhibitory monoclonal 
antibodies (mAb) into wild-type mice, led to plasma 
ADAMTS13 deficiency and UL-VWF accumulation without 
TTP-like symptoms.12 The additional injection of recom-
binant VWF in this model induces an iTTP-like disease, 
further demonstrating the essential role of large concen-
trations of circulating VWF. In a primate model of TTP, in-
jection of a murine anti-human ADAMTS13 inhibitory 
antibody induced TTP, as demonstrated by the appearance 
of severe thrombocytopenia, hemolytic anemia, elevated 
LDH, schistocytes and the occurrence of microthrombi in 
kidney, heart, brain and spleen.13 However, the primates did 
not develop end-stage disease, suggesting once again that 
inhibition of ADAMTS13 alone, may not be sufficient to re-
produce a full-spectrum human TTP.  
Thus, these experimental models suggest that induction of 
TTP in animals is a “two-hit” process requiring first, 
ADAMTS13 protease inactivation and second, an increased 
VWF release by activated EC. Similar mechanisms however, 
remain to be demonstrated in humans. In this context, we 
asked whether iTTP-patient plasma was able to induce WPB 
exocytosis and tried to identify possible endothelial activa-
tors in iTTP-patient plasma. Using plasma prospectively col-
lected from patients during the acute phase of iTTP, we 
observed induction of UL-VWF release from EC via WPB 
exocytosis in a Ca2+-dependent pathway. We identified IgG 
from iTTP patient plasma as the main inducer of endothelial 
activation and observed that Ca2+-dependent endothelial 
activation intensity correlated with disease severity.   

Methods  
Patient characteristics 
We conducted a prospective study between 2008 and 2011 
consisting in a National Clinical Research Project 
(#2007/23) approved by the Ethical Committee of the “As-
sistance Publique-Hôpitaux de Marseille”. Informed con-
sent was provided according to the Declaration of Helsinki. 
Detailed information about the 62 patients can be found 
in the Online Supplementary Appendix and Table 1. 

Immunofluorescence studies  
Confluent human microvascular dermal EC (HMVEC-d) 
were grown in EC growth basal medium-2 (EBM2) con-
taining 1% fetal bovine serum for 16 hours (h) and acti-
vated for 1 hour (h) with either control or iTTP plasma 
(1/100 in EBM2), washed twice in phosphate buffer saline 
(PBS), fixed in 1% paraformaldehyde for 10 minutes (min) 
and labeled with anti-VWF, anti-P-selectin antibodies or 
with rabbit non-immune serum like described in supple-
mentary methods.  
In order to visualize ADAMTS13, HMVEC-d were activated 
for 20 min with control or iTTP immunoglobulin G (IgG) 
(30 mg/mL), washed in PBS and labeled as described in 
the Online Supplementary Appendix. In order to exclude 
the influence of possible endotoxin contamination of 
biological samples, all experiments were performed in 
the presence of 10 mg/mL polymyxin B (Sigma-Aldrich, 
Saint Louis, USA). 

Table 1. Demographics, clinical and biological data of the 62 
immune-mediated thrombotic thrombocytopenic purpura 
patients included from Marseille and Paris. 

iTPP: immune-mediated thrombotic thrombocytopenic purpura; IQR: 
interquartile range; LDH: lactate dehydrogenase. 

iTTP 
N=25, Marseille

Demographics
Age in years, median (IQR) 39.5 (26.5-52.8)
Male, N (%) 7 (28)

Clinical features
Neurological involvement, N (%) 14 (56)
Mortality, N (%) 3 (12)

Laboratory features, median (IQR)
Platelets, x109/L 13 (11-21)
Hemoglobin, g/L 81 (69-99)
LDH, IU/L 1,228 (1,027-1577)
Presence of schistocytes, N (%) 25 (100)
ADAMTS13 activity, % 5 (0.5-6.5)

Anti-ADAMTS13 IgG, IU/mL 87 (49.5-113.5)

iTTP 
N=62, Marseille (25)  

+ Paris (37)
Demographics

Age in years, median (IQR) 43 (28.8-54)
Male, N (%) 18 (30)

Clinical features
Neurological involvement, N (%) 29 (46.8)
Mortality, N (%) 21 (32.3)

Laboratory features, median (IQR)
Platelets, x109/L 13 (10-21)
Hemoglobin, g/L 84 (68-101.8)
LDH, IU/L 1,535 (1,115-2,461)
Presence of schistocytes, N (%) 58 (93.5)
ADAMTS13 activity, % 0 (0-5)
Anti-ADAMTS13 IgG, IU/mL 94 (50-120)
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Soluble von Willebrand factor, endothelin-1 and 
angiopoietin-2 measurements 
Specific enzyme-linked immunosorbent assays (ELISA) 
were performed to determine the concentrations of sol-
uble VWF (American Diagnostica, Stanford, USA), endothe-
lin-1 or angiopoietin-2 (R&D system, Minneapolis, USA), 
according to the manufacturer’s instructions. 

Intracellular Ca2+ flux 
HMVEC-d were incubated for 1 h with 5 mM fluo-4 AM flu-
orescent dye (ThermoFisher Scientific, USA) in PBS con-
taining 1% bovine serum albumin (BSA), washed and 
incubated in PBS 1% BSA for 30 min at 37°C. Cells were 
stimulated with A23187 (10 µM in EBM2), thrombin (4 IU/mL 
or 0.5 mM), control or iTTP plasma samples (1/100 in EBM2) 
for 20 to 1,800 seconds, or with IgG (30 mg/mL in EBM2). 
Fluorescence analysis used a Cytofluor®, fluorescence 
multi-well plate reader (PerSeptive-Biosystems, Framing-
ham, USA). Total fluorescence intensity was expressed in 
arbitrary unit (AU). Intracellular Ca2+ flux was also 
measured by microscopy (see the Online Supplementary 
Appendix). 

Preparation of IgG-depleted plasma and purification of 
the IgG fraction  
After washing with binding buffer (PBS containing 100 mM 
Na2HPO4 at pH 7.4), 100 mL of protein A magnetic sepharose 
beads (GEHealthcare) were incubated for 30 min at 4°C 
with 300 mL of 1:5 diluted plasma from control or iTTP pa-
tients. Beads were retrieved using a magnetic bench and 
plasma was used for Ca2+ flux induction and IF studies. IgG 
were eluted using 100 mL of elution buffer (100 mM glycine 
at pH 12.8) and 5 mL of 1 M TRIS hydrochloride at pH 9.  

Human anti-ADAMTS13 monoclonal antibodies  
The two anti-human ADAMTS13 mAb TTP73-1 and ELH2-1 
were isolated and cloned from B cells of two different 
iTTP-patients. As previously reported, these two antibodies 
recognize cryptic epitopes in ADAMTS1314 and were used 
at 30 mg/mL in experiments. 

ADAMTS13 gene silencing 
Downregulation of ADAMTS13 mRNA level was achieved 
using small interfering RNA (siRNA) directed against 
ADAMTS13 (Ambion, ThermoFisher-Scientific, USA) and Jet 
Prime kit (Polyplus-transfection, USA) according to the 
manufacturer’s instructions. As the decrease in ADAMTS13 
mRNA level was achieved 24 h after transfection by quanti-
tative real-time polymerase chain reaction (RT-qPCR) and 
remained stable for 96 h, Ca2+ flux experiments were per-
formed 48 h after transfection. 

Statistical analysis 
Graphpad Prism v.9.2.0 software (GraphPad-Software Inc., 

San Diego, USA) was used for statistical analysis. Further 
details of the methods are available in the Online Supple-
mentary Appendix.  

Results 
Plasmas from immune-mediated thrombotic 
thrombocytopenic purpura patients induce von 
Willebrand factor string formation on the surface of 
HMVEC-d via Weibel-Palade bodies exocytosis 
First, we examined VWF string formation on HMVEC-d by 
confocal microscopy using anti-VWF labeling on permea-
bilized HMVEC-d. After incubation with control plasma 
samples, anti-VWF labeling showed punctuated fluor-
escent spots, whereas incubation with iTTP plasma 
samples induced the appearance of typical UL-VWF strings 
(Figure 1A). Quantification of the VWF string fluorescence 
was performed after 30 min of incubation and demon-
strated higher VWF fluorescence intensity (FI) when 
HMVEC-d were stimulated with iTTP than with control 
plasma samples (FI=6.77 AU/cellx104; interquartile range 
[IQR], 4.8-8.79 vs. FI=0.53 AU/cellx104; IQR, 0.36-0.87, re-
spectively; P<0.0001; Figure 1B). Kinetic studies showed 
that VWF strings on the endothelial surface in response to 
iTTP plasma was observed after 5 min incubation and in-
creased for up to 60 min (Figure 1C) (FI=6.75 AU/cellx104; 
IQR, 4.81-7.38; FI=8.62 AU/cellx104, IQR, 7.03-14.82; FI=14.5 
AU/cellx104; IQR, 10.1-21.68 vs. FI=0.76 AU/cellx104, IQR, 0.71-
2.99; P=0.0159; P=0.0079; P=0.0079 respectively at 5, 15 
and 60 min vs. 0 min; Figure 1D) 
Similar data were obtained in various conditions such as 
dynamic using a flow chamber device (Online Supplemen-
tary Figure S1A), macrovascular HUVEC (Online Supplemen-
tary Figure S1B), or when using either plasma obtained on 
citrated tubes or serum, instead of plasma from PEX in 
order to eliminate a possible Ca2+ overload due to the PEX 
process (Online Supplementary Figure S1C). In order to ex-
clude possible passive absorption of soluble VWF con-
tained in iTTP plasma on HMVEC-d surface, we used a 
VWF-affinity column to completely eliminate soluble VWF 
contained in plasma. Using ELISA, we measured soluble 
VWF in the supernatant of HMVEC-d stimulated with either 
VWF-free iTTP or VWF-free control plasma samples for 1 h 
and observed significantly higher concentrations of en-
dothelial soluble VWF in the former condition (2.13 ng/mL, 
IQR, 1.76-2.50 vs. 1.05 ng/mL, IQR, 0.98-1.61; P=0.0159; On-
line Supplementary Figure S1D). 
In order to determine whether VWF string formation on 
HMVEC-d was effectively due to WPB exocytosis, we 
measured the concentrations of endothelin-1 and of an-
giopoietin-2, two molecules stored in WPB. Significantly 
higher concentrations of endothelin-1 (19.02 pg/mL; IQR, 
16.88-20.21 vs. 11.55 pg/mL; IQR, 5.79-17.9, respectively; 
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Figure 1. Induction of Weibel-Palade bodies exocytosis on endothelial cells after stimulation with immune-mediated 
thrombotic thrombocytopenic purpura plasma. (A) Confocal microscopy analysis of permeabilized human microvascular 
endothelial cells from derm (HMVEC-d) incubated with either control plasma (A) or immune-mediated thrombotic 
thrombocytopenic purpura (iTTP) plasma samples (B) using rabbit anti-von Willebrand Factor (VWF) antibodies and Alexa Fluor 
594-conjugated donkey anti-rabbit immunoglobulin G (IgG) (original magnification X63, scale bar=10 mm). (B) Quantification of 
VWF fluorescence intensity (FI) after HMVEC-d stimulation with either control plasma (Control: n=9) or iTTP plasma samples 
during the acute phase (iTTP: n=14, ***P<0.001). (C) Kinetics of VWF HMVEC-d exocytosis visualized by fluorescence microscopy 
after incubation with iTTP plasma samples (original magnification X40, scale bar=10 mm). (D) Quantification of VWF FI over time 
on HMVEC-d stimulated with iTTP plasma samples (iTTP: n=5, *P<0.05, **P<0.01). (E) Endothelin-1 and (F) angiopoietin-2 
concentrations in HMVEC-d supernatants stimulated with either control plasma (n=6) or iTTP plasma samples for 1h (n=25, 
*P<0.05). (G) P-selectin expression detected by confocal microscopy analysis using anti-rabbit P-selectin antibodies and Alexa 
Fluor 488-conjugated donkey anti-rabbit IgG (green) in HMVEC-d incubated with control (A) or iTTP plasma samples (B) (original 
magnification X63, scale bar=10 mm). (H) Percentage of P-selectin FI per cell on HMVEC-d stimulated with control plasma (n=10) 
(representing 100%) or iTTP plasma samples (n=23, ***P<0.001). 
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P=0.0102; Figure 1E) and angiopoietin-2 (978 pg/mL; IQR, 
619.5-1,200 vs. 614.5 pg/mL; IQR, 445.8-868.3, respectively; 
P=0.0355; Figure 1F), were present in the supernatants of 
HMVEC-d when cultured with iTTP compared to control 
plasma samples. In addition, membrane P-selectin ex-
pression on HMVEC-d was observed after stimulation for 
10 min with iTTP, but not with control plasma samples (Fig-
ure 1G), associated with a 3-time-increased P-selectin FI 
(FI=290.3 AU/cellx102; IQR, 188.2-596.6 vs. FI=81.23 
AU/cellx102; IQR: 61.55-114.3; P<0.0001; Figure 1H). The 
same data concerning endothelin-1 secretion were ob-
served when HUVEC were used instead of HMVEC-d (40.58 
pg/mL; IQR, 25.66-43.52 vs. 19.28 pg/mL; IQR, 16.45-21.56;  
P=0.0070; Online Supplementary Figure S1E). The endothe-
lin-1 secretion was equivalent when citrated plasma or 
serum of iTTP-patients were using instead of plasma from 
PEX (24.65 pg/mL; IQR, 20.39-28.41 and 25.33 pg/mL; IQR, 
20.84-32.92 vs. 24.10 pg/mL; IQR, 19.9-24.9; Online Supple-
mentary Figure S1F). Altogether, these data are consistent 
with the fact that iTTP plasmas obtained after PEX were 
able to induce WPB exocytosis. 

Weibel-Palade bodies exocytosis induced by  
immune-mediated thrombotic thrombocytopenic 
purpura plasma is Ca2+-mediated 
Two pathways of WPB exocytosis are known: a Ca2+-de-
pendent pathway and a cAMP-dependent pathway. In order 
to determine whether the Ca2+ signaling cascade was in-
volved in WPB exocytosis induced by iTTP plasma, we used 
the pharmacological inhibitor MAPTAM. Compared with 
iTTP plasma samples alone, we observed a significant de-
crease of VWF FI in the presence of MAPTAM (FI=1.09 
AU/Cellx104; IQR, 0.78-1.79 vs. FI= 7.59 AU/Cellx104; IQR, 
7.52-8.85; P=0.0079; Figure 2A, B). iTTP plasma-induced 
endothelin-1 secretion was also reduced by 92% in the 
presence of MAPTAM (82.1%; IQR, 73-134.8 vs. 8.5%; IQR, 
6.9-9.6; P<0.0001; Figure 2C). 
We then measured the ability of iTTP plasma to induce 
Ca2+-flux in EC, using a single-wavelength Ca2+ fluor-
escent dye. After a 20-second incubation, iTTP plasma 
samples induced a significantly higher FI level than con-
trol plasma samples in HMVEC-d (94 AU; IQR, 78-125.5 
vs. 45 AU; IQR, 35.5-76 respectively; P<0.0001; Figure 2D) 
or in HUVEC (68 AU; IQR, 55.38-114.9 vs. 41.75 AU; IQR, 
37.75-54;  P=0.0063; Online Supplementary Figure S1G). 
We also calculated the AUC for Ca2+ flux after 30 min of 
stimulation and observed that iTTP plasma induced sig-
nificantly higher Ca2+ mobilization than control plasma 
samples (1,011 AU; IQR, 472-1,334 vs. 242 AU, IQR, 43.5-
388.5; P=0.0002; Figure 2E). The endothelial Ca2+ mobi-
lization was equivalent when using citrated plasma or 
serum instead of PEX plasma (74.5 AU; IQR, 59.5-94.75 
and 66 AU; IQR, 41.75-85 vs. 70 AU; IQR, 48.75-87.5; Online 
Supplementary Figure S1H).  

Immune-mediated thrombotic thrombocytopenic 
purpura plasma-induced endothelial Ca2+ flux correlates 
with immune-mediated thrombotic thrombocytopenic 
purpura severity 
In order to establish whether iTTP-induced Ca2+ flux cor-
related with disease severity, we studied sera from 62 iTTP 
patients (25 from Marseille added with 37 from Paris) col-
lected during the acute phase, and classified in two dif-
ferent groups depending on survival (Table 1). At 20 
seconds, Ca2+ flux appeared significantly higher in cells 
treated with plasma from non-survivor patients compared 
with those of survivors (157 AU; IQR, 119.7-262.3 vs. 107 AU; 
IQR, 70-181, respectively; P=0.0031; Figure 3A). Similarly, 
after 30 min, area under the curve (AUC) from non-surviv-
ors was much higher than those in survivors (6,316 cm2; 
IQR, 3,066-8,503 vs. 1391 cm2; IQR: 833.5-4,235, respect-
ively;  P=0.0002; Figure 3B). In addition, plasma from iTTP 
patients in remission induced significantly less Ca2+ flux 
than plasma from the same patients during the acute 
phase (52.5 AU; IQR: 45-69 vs. 131.5 AU; IQR, 66-177; 
P=0.0013; Figure 3C) and levels of Ca2+ flux were not dif-
ferent from those induced by control plasma. In agree-
ment, plasma obtained from patients in complete 
remission did not induce VWF release by HMVEC-d (Figure 
3D) which was confirmed by fluorescence quantification 
(1.19 AUx104; IQR, 0.89-1.99) during remission versus 10.85 
AUx104; IQR, 7.59-14.04 during the acute phase; P=0.0286; 
Figure 3E).  

The purified IgG fraction from immune-mediated 
thrombotic thrombocytopenic purpura plasma induced 
Ca2+-dependent Weibel-Palade bodies exocytosis 
In order to identify the soluble mediators contained in iTTP 
plasma involved in WPB exocytosis, we studied several 
candidates. As iTTP is an autoimmune disease, we first in-
vestigated the role of circulating IgG. After depletion of the 
IgG fraction from iTTP plasma, we observed a significant 
decrease of VWF FI release by HMVEC-d (Figure 4A). In 
agreement, the Ca2+ flux was reduced by 47% in HMVEC-d 
cells treated with IgG-depleted plasma compared with 
complete plasma (127.5 AU; IQR, 83.5-188 vs. 68 AU; IQR, 
45.5-113, respectively; P=0.0003; Figure 4B). Conversely, we 
tested the ability of the purified IgG fraction from iTTP or 
control plasma to activate HMVEC-d. VWF exocytosis was 
observed in HMVEC-d cultured with iTTP IgG, but not with 
control IgG (Figure 4C). Using ELISA, we measured soluble 
VWF released in the supernatants of HMVEC-d and ob-
served significantly increased VWF concentrations in 
HMVEC-d stimulated by iTTP IgG compared with control 
IgG (3.42 ng/mL; IQR, 2.68-4.18 vs. 2.72 ng/mL; IQR, 2.08-
3.03, respectively; P=0.0273; Figure 4D). In agreement, we 
observed a significantly higher Ca2+ flux in HMVEC-d stimu-
lated with iTTP IgG than with control IgG fractions (77.25 
AU; IQR, 54.88-109.8 vs. 46.75 AU; IQR, 41-54, respectively; 
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P=0.0011; Figure 4E). These results were confirmed by di-
rectly measuring Ca2+ flux in living cells stimulated with 
either iTTP or control IgG, using microscopy (Online Sup-
plementary Figure S2A, B). In order to determine which 
fraction of the immunoglobulin was involved in EC activa-
tion, we purified the F(ab’)2 fragments from the IgG frac-
tion, and observed that F(ab’)2 fragments induced both 
VWF string formation (Figure 4F) and a twice higher en-
dothelial Ca2+ flux compared to the complete iTTP IgG frac-
tion (130.8; IQR, 86.11-197.2 vs. 265.3; IQR, 206.6-315.3; 
P=0.002; Figure 4G).  

Immune-mediated thrombotic thrombocytopenic purpura 
IgG induced Weibel-Palade bodies degranulation partly via 
ADAMTS13 recognition on endothelial cells 
In order to identify the endothelial antigen target of iTTP-
IgG, we concentrated on ADAMTS13, the main protein in-
volved in iTTP pathogenesis. Since it was impossible to 
create an ADAMTS13 affinity column in order to eliminate 

anti-ADAMTS13 auto-antibodies contained in iTTP-purified 
IgG, we used different procedures. First, we compared the 
ability of hereditary TTP (hTTP) serum samples which do 
not contain anti-ADAMTS13 auto-antibodies to induce 
Weibel-Palade bodies degranulation, with  iTTP serum 
samples. Compared to that induced by iTTP serum 
samples, we observed that VWF release induced by hTTP 
serum was 65% lower (6.61 ng/mL; IQR, 4.45-12.84 vs. 17.27 
ng/mL; IQR, 11.09-24.88; P=0.0317; Figure 5A) and that the 
Ca2+ flux induced by hTTP serum samples appeared sig-
nificantly reduced (113.5 AU; IQR, 112.7-118.4 vs. 126.7 AU; 
IQR, 123.3-131.7; P=0.0079; Figure 5B). After we verified that 
extracellular expression of endothelial ADAMTS13 was not 
modified when EC were stimulated with IgG from iTTP-
patients or control plasma samples (Online Supplementary 
Figure S3A) (90.4%; IQR, 62.78-116.2 vs. 116.3 %; IQR, 73.37-
144.7; P=0.3357; Online Supplementary Figure S3B), we in-
hibited endothelial ADAMTS13 expression using specific 
siRNA (70% of inhibition, 1; IQR, 1-1 vs. 0.29; IQR, 0.16-0.41; 

Figure 2. Weibel-Palade bodies exocytosis induced by immune-mediated thrombotic thrombocytopenic purpura plasma is Ca2+-
mediated. (A) Von Willebrand Factor (VWF) secretion detected by fluorescence microscopy, using rabbit anti-VWF antibodies and 
Alexa Fluor 594-conjugated donkey anti-rabbit immunoglobulin G (IgG) after incubation of permeabilized human microvascular 
endothelial cells from derm (HMVEC-d) with immune-mediated thrombotic thrombocytopenic purpura (iTTP) plasma samples 
in the absence (A, B) or in the presence of the Ca2+ chelator MAPTAM (C, D) (original magnification X40, scale bar=30 mm). (B) VWF 
fluorescence intensity (FI) quantification by cell comparing HMVEC-d stimulated with iTTP plasma samples in absence or 
presence of MAPTAM (iTTP: n=5, **P<0.01). (C) Endothelin-1 concentration measured in the supernatants of HMVEC-d incubated 
with iTTP plasma samples (n=10) in the absence (representing 100%) or in the presence of MAPTAM (***P<0.001). (D) 
Fluorescence intensity (AU) of the Ca2+ flux in HMVEC-d incubated for 20 seconds with either control plasma samples (n=13), 
iTTP plasma samples (n=25, ***P<0.001) or A23187 Ca2+ ionophore (n=3). (E) Area under the curve (AUC) (cm2) from Ca2+ flux 
curves after 30 minutes of HMVEC-d incubation with either control plasma (n=13), iTTP plasma samples (n=25, ***P<0.001) or 
A23187 Ca2+ ionophore (n=3).
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P=0.0313; Figure 5C,) and observed that inhibition of 
ADAMTS13 expression was associated with a significant 
reduction of the iTTP IgG-induced Ca2+ flux (33.44 AU; IQR, 
25.88-35.22 vs. 47.15 AU; IQR, 31.42-73.9; P=0.0084; Figure 
5D). We further tested the ability of two anti-ADAMTS13 
antibodies, TTP73-1 or ELH2-1, previously isolated and 
cloned from the B cells of two iTTP-patients,14 to induce 
WPB exocytosis in HMVEC-d. Both TTP73-1 and ELH2-1 
weakly induced VWF tethering on HMVEC-d membranes 
(Figure 5E). When cultured in the presence of TTP73-1 but 
not of or ELH2-1, higher soluble VWF concentrations were 
measured in HMVEC-d supernatants compared to stimu-
lation with control IgG (3.7 ng/mL; IQR, 3.3-4.3 for TTP73-
1 and 1.7 ng/mL; IQR, 1.6-2 for ELH2-1 vs. 0.8 ng/mL; IQR, 
0.7-0.99; P=0.0357 and P=0.0571 respectively; Figure 5F), 
as well as higher endothelin-1 secretion (14.1 pg/mL; IQR, 
11.8-15.4 for TTP73-1 and 11.5 pg/mL; IQR, 10.8-14.4 for 

ELH2-1 vs. 6.4 pg/mL; IQR, 4.2-11.5; P=0.0317 and P=0.0952 
respectively; Figure 5G). In addition, an increased but non-
significant Ca2+ flux was also induced by TTP73-1 and 
ELH2-1, compared to control IgG (15.01 AU, IQR, 11.55-19.31 
and 14.91 AU; IQR, 6.26-18.39, respectively, vs. 3.2 AU, IQR, 
0.59-5.83; P=0.10; Figure 5H).  

Free heme and nucleosomes, but not complement,  
play minor roles in immune-mediated thrombotic 
thrombocytopenic purpura plasma-induced  
Weibel-Palade bodies exocytosis  
The concentrations of free heme were significantly in-
creased in iTTP compared to control plasma samples (11.2 
mM; IQR, 6.98-20.35 vs. 9 mM; IQR, 8.2-9.6; P=0.0369; Figure 
6A), but returned to control levels after remission (0.63 
mM; IQR, 0.44-1.03 vs. 11.2 mM; IQR, 6.98-20.35; P<0.0001; 
Figure 6A). Free heme concentrations however, were 

Figure 3. In vitro endothelial Ca2+ flux intensity induced by immune-mediated thrombotic thrombocytopenic purpura plasma is 
associated with clinical severity and prognosis. (A) Fluorescence intensity (AU) of the Ca2+ flux measured at 20 seconds in 
permeabilized human microvascular endothelial cells from derm (HMVEC-d) stimulated with immune-mediated thrombotic 
thrombocytopenic purpura (iTTP) plasma samples of survivors (n=41) or non-survivors patients (n=21, **P<0.01). (B) Area under 
the curve (AUC) from Ca2+ flux curves after 30 minutes of HMVEC-d stimulated with iTTP plasma samples of survivors (n=41) or 
non-survivors (n=21, ***P<0.001). (C) Fluorescence intensity (AU) of the Ca2+ flux in HMVEC-d incubated for 20 seconds with 
plasma samples from iTTP patients in acute phase (iTTP-AP) or from same patients in remission (iTTP-R) (n=11, **P<0.01). 
Horizontal dotted line represents median Ca2+ mobilization induced in HMVEC-d by control plasma. (D) Von Willebrand Factor 
(VWF) secretion and tethering detected by fluorescence microscopy using rabbit anti-VWF antibodies and Alexa Fluor 594-
conjugated donkey anti-rabbit immunoglobulin (red) after 1-hour-incubation of HMVEC-d with iTTP plasma samples collected in 
acute phase (A) or during remission (B). Cell nuclei are labeled in blue using DAPI (original magnification X40, scale bar=10 mm). 
(E) VWF fluorescence quantification after the HMVEC-d stimulation with iTTP plasma from patients in acute phase (iTTP-AP: 
n=4), or in remission (iTTP-R: n=4, *P<0.05). 
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equivalent between survivor and non-survivor patients 
(10.96 mM; IQR, 8.2-14.07 vs. 12.96 mM; IQR, 2.55-43.56; 
P=0.6368; Online Supplementary Figure S4A). Inhibition of 
heme by addition of large concentrations of hemopexin, 
weakly reduced iTTP plasma-induced VWF exocytosis (Fig-
ure 6B), endothelin-1 release (69.86%; IQR, 27.59-136.1 vs. 
79.86%; IQR, 54.79-162.6; P<0.0494; Figure 6C) and iTTP-
induced Ca2+ flux (30% inhibition, 133.3 AU; IQR, 89.25-

242.8 vs. 107.5 AU; IQR, 61.88-208.3; P=0.0063; Figure 6D). 
iTTP plasma also contained significant enrichment in nu-
cleosomes concentrations compared to control plasma 
samples (6.34-fold increase; IQR, 3.37-12.14 vs. 1.15-fold in-
crease; IQR; 0.12-1.78; P<0.0001; Figure 6E) which was no 
longer observed after remission (0.81-fold increase; IQR, 
0.53-1.52 vs. 6.34-fold increase; IQR, 3.37-12.14 in acute 
phase; P<0.0001; Figure 6E), in accordance with previous 

Figure 4. Immunoglobulin G contained in immune-mediated thrombotic thrombocytopenic purpura plasma are mainly involved 
in permeabilized human microvascular endothelial cells from derm activation. (A) Von Willebrand Factor (VWF) secretion 
detected by fluorescence microscopy after permeabilized human microvascular endothelial cells from derm (HMVEC-d) 
incubation with complete immune-mediated thrombotic thrombocytopenic purpura (iTTP) (A) or immunoglobulin (IgG)-depleted  
(B) plasma samples (original magnification X20, scale bar=30 mm). (B) Fluorescence intensity (AU) of the Ca2+ flux induction in 
HMVEC-d after a 20-second incubation with complete iTTP or IgG-depleted plasma samples (n=15, ***P<0.001). (C) VWF 
secretion detected by fluorescence microscopy after HMVEC-d incubation with IgG purified from control (A) or iTTP plasma 
samples (b) (original magnification X40, scale bar=30 mm). (D) VWF quantification by enzyme-linked immunosorbant assay in the 
supernatants of cells treated with IgG purified from control (n=7) or iTTP plasma samples (n=16, *P<0.05). (E) Fluorescence 
intensity (AU) of Ca2+ flux induction in HMVEC-d after 20 seconds incubation with IgG from control (n=6) or iTTP plasma samples 
(n=16, **P<0.01). (F) VWF secretion detected by fluorescence microscopy after HMVEC-d incubation with IgG (a) from iTTP 
plasma samples or F(ab)’2 fragments (b) purified from these IgG (original magnification X63, scale bar=20 mm). (G) Fluorescence 
intensity (AU) of Ca2+ flux induction in HMVEC-d after a 20-second of incubation with medium alone (EBM2), A23187 calcium 
(Ca2+) ionophore, IgG (IgG) from iTTP plasma samples, or F(ab)’2 fragments purified from these IgG (n=10, **P<0.01). 
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Figure 5. ADAMTS13 is involved in immune-mediated thrombotic thrombocytopenic purpura IgG-induced Weibel-Palade bodies 
degranulation. (A) Von Willebrand Factor (VWF) quantification by enzyme-linked immunosorbant assay in the supernatants of 
cells treated with immune-mediated thrombotic thrombocytopenic purpura (iTTP) serum (n=5) or hereditary TTP serum samples 
(hTTP, n=5, *P<0.05). (B) Fluorescence intensity (AU) of Ca2+ flux induction in permeabilized human microvascular endothelial 
cells from derm (HMVEC-d) after a 20-second incubation with serum from iTTP patients (n=5) or from hTTP patients (n=5, 
**P<0.01). (C) ADAMTS-13 mRNA relative quantification in HMVEC-d cultured in the presence of control small interfering RNA 
(siRNA) (Ct si) or siRNA targeting ADAMTS13 (ADAMTS13 Si) (n=6, *P<0.05). (D) Fluorescence intensity (AU) of Ca2+ flux induction 
in HMVEC-d transfected with control or anti-ADAMTS13 siRNA, then stimulated for 20 seconds with IgG from iTTP plasma 
samples (n=15, **P<0.01). (E) VWF expression detected by fluorescence microscopy in HMVEC-d incubated with IgG from control 
patient samples (a) TTP73-1 monoclonal antibody (mAb) (B) or ELH2-1 mAb (C) (original magnification X40, scale bar=30 mm). (F) 
VWF or (G) endothelin-1 concentrations in supernatants of HMVEC-d incubated with IgG from control patient samples (Control) 
(n=3), TTP73-1 or ELH2-1 mAb (n=5, *P<0.05). (H) Fluorescence intensity (AU) of Ca2+ flux measured at 20 seconds in HMVEC-d 
stimulated in a similar fashion as in (G) (n=3, ns: not significant). 

A

C

E

B

D

F G H

 Haematologica | 108 - April 2023   
1135

ARTICLE - Ca2+-mediated Weibel-Palade exocytosis in iTTP E. Tellier et al.



Figure 6. Heme and nucleosomes participate of the immune-mediated thrombotic thrombocytopenic purpura patient’s plasma 
induced Ca2+-mediated endothelial activation. (A) Free heme concentration (mM) measured in control (n=13), immune-mediated 
thrombotic thrombocytopenic purpura (iTTP) patients in acute phase (iTTP-AP, n=62) or iTTP patients in remission (iTTP-R, n=14) 
plasma samples (*P<0.05, ***P<0.001). (B) Von Willebrand Factor (VWF) expression detected by fluorescence microscopy after 
permeabilized human microvascular endothelial cells from derm (HMVEC-d) incubation with heme or iTTP plasma samples in 
the absence (A, B) or in the presence (C, D) of hemopexin (+Hx) (original magnification X40, scale bar=30 mm). (C) Endothelin-1 
concentrations in the supernatants of HMVEC-d incubated with iTTP plasma samples in the absence (representing 100%) or in 
the presence of hemopexin (n=14, *P<0.05). (D) Fluorescence intensity (AU) of the Ca2+ flux induction in HMVEC-d after a 20-
second incubation with iTTP plasma samples alone or after preincubation with hemopexin (n=18, **P<0.01). (E) Total 
nucleosomes in control (n=13), iTTP patients in acute phase (iTTP-AP, n=62) or iTTP patients in remission (iTTP-R, n=14) plasma 
samples (***P<0.001). (F) VWF secretion detected by fluorescence microscopy after incubation of HMVEC-d with iTTP plasma 
samples in the absence (A) or in the presence of Annexin V (B) (original magnification X40, scale bar=30 mm). (G) Endothelin-1 
concentrations in the supernatants of HMVEC-d incubated with iTTP plasma samples in the absence (representing 100%) or in 
the presence of Annexin V (n=16, **P<0.01). (H) Fluorescence intensity (AU) of the Ca2+ flux induction in HMVEC-d after a 20-
second incubation with either iTTP plasma samples alone, or in the presence of Annexin V (n=17, **P<0.01). 
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studies.15 Nucleosomes enrichment however, was not dif-
ferent between survivors and non-survivors (3.57-fold in-
crease; IQR, 1.76-5.24 vs. 3.51-fold increase; IQR, 1.24-7.49; 
P=0.9295; Online Supplementary Figure S4B). Nucleosomes 
signalization is dependent of the phosphatidylserine acti-
vation and can be inhibited by Annexin V. Addition of An-
nexin V to iTTP plasma weakly but significantly reduced 
VWF exocytosis (Figure 6F) and endothelin-1 release by 
HMVEC-d (10% inhibition, 72.62%; IQR, 64.16-126.1 vs. 
80.11%; IQR; 67.52-149.6; P=0.0052; Figure 6G), as well as 
Ca2+ flux induced by iTTP plasma (13%-reduction, 216 AU; 
IQR, 102.8-262.8 vs. 246.5 AU; IQR, 128-304.5; P=0.0011; 
Figure 6H). 
In order to investigate the role of complement on iTTP 
plasma-induced endothelial activation, we performed the 
same experiments with heated plasma or in the presence 
of eculizumab. None of these treatments significantly in-
fluenced endothelial VWF (Online Supplementary Figure 
S5A) or endothelin-1 secretion after 1 hour of stimulation 
(29.45 pg/mL; IQR, 23.61-41.76 and 20.85 pg/mL; IQR, 16.01-
27.10 vs. 23.27 pg/mL; IQR, 19.29-30.39, not significant; On-
line Supplementary Figure S5B), as well as endothelial Ca2+ 
flux intensity after 20 seconds (111.8 AU; IQR, 74.85-148.8 
and 100.2 AU; IQR, 79.43-287.4 vs. 99.41 AU; IQR, 72.49-
210.7, not significant; Online Supplementary Figure S5C). 
Since iTTP plasma is likely to contain thrombin, we repro-
duced the same experiments in the presence of hirudin 
and observed no significant modification (187.5 AU; IQR, 
82.75-240 vs. 180 AU; IQR, 89.75-262.5, not significant; On-
line Supplementary Figure S5D). We also used the general 
serine protease inhibitor PPACK on the iTTP plasma in-
duced VWF release and Ca2+ flux increase and observed no 
significant difference (6.298 ng/mL; IQR, 5.859-6.924 vs. 
6.345 ng/mL; IQR, 6.095-8.615, not significant; Online Sup-
plementary Figure S5E, and 149.3 AU; IQR, 134.2-154.8 vs. 
144.4 AU; IQR, 138.5-155.9, not significant; Online Supple-
mentary Figure S5F, respectively).   

Discussion 
In the present study, we observed for the first time that 
plasma or serum from iTTP patients in acute phase, but 
not in remission, were able to induce VWF secretion via 
WPB exocytosis by a mechanism involving a Ca2+ flux. We 
ruled out a possible passive adhesion of soluble VWF con-
tained in iTTP plasma on the EC surface, since VWF tether-
ing remained present on the EC membrane even after 
complete depletion of VWF contained in iTTP plasma and 
concluded that VWF secretion was an active mechanism 
likely due to WPB exocytosis. WPB exocytosis was indeed 
confirmed by the fact that iTTP plasma not only induced 
VWF and P-selectin membrane exposure, but also en-
dothelin-1 and angiopoietin-2 secretion by EC, all com-

ponents of the WPB. WPB exocytosis is known to involve 
two different signaling pathways. One is rapid and Ca2+-
mediated, whereas the other is linked to adenylate cyclase 
activation.6 Both the WPB exocytosis and the rapid and 
sustained intracellular Ca2+ flux induced by iTTP plasma 
were inhibited by the Ca2+ chelator MAPTAM, demonstrat-
ing a Ca2+-mediated signaling pathway. The possible Ca2+ 
overload of iTTP plasma due to the PEX process was ex-
cluded by the observation that the serum of the iTTP-pa-
tients had similar effects as plasma and that plasma of 
non-TTP patients treated with PEX, was not able to acti-
vate EC.  
Our objective was then to identify the main endothelial ac-
tivators contained in iTTP plasma/serum and we showed 
that the IgG fraction purified from iTTP plasma was able 
to induce a Ca2+ flux and subsequent WPB exocytosis as-
sociated with VWF secretion, whereas IgG depletion re-
sulted in an almost 60% reduction of EC activation by iTTP 
plasma. Noteworthy, was the fact that IgG stimulating ef-
fects were reproduced by the F(ab’)2 fractions and were 
thus linked to a putative antigen recognition on EC. Since 
iTTP is known to be caused by acquired antibodies di-
rected against ADAMTS13, we investigated the role of these 
antibodies in EC activation. We did not succeed in directly 
purifying anti-ADAMTS13 Ab from the iTTP IgG fraction, 
thus we used different ways to determine whether 
ADAMTS13 played a role in endothelial activation by puri-
fied IgG. First, we compared the ability of serum from iTTP 
with those of hTTP to induce endothelial activation. Her-
editary TTP are due to ADAMTS13 genetic deficiency and 
do not contain anti-ADAMTS13 auto antibodies. We ob-
served a significant reduction (almost 60%) of endothelial 
activation using hTTP serum samples. Second, we ob-
served that efficient inhibition of ADAMTS13 expression in 
HMVEC-d using siRNA was associated with a significant re-
duction of EC degranulation induced by iTTP IgG fraction. 
Third, we used two previously described human anti-
ADAMTS13 mAb, cloned from iTTP isolated B cells,14 and 
observed that both of them weakly induced Ca2+ flux in EC 
as well as VWF and endothelin-1 secretion, confirming that 
anti-ADAMTS13 IgG were at least in part, responsible for 
iTTP-induced Ca2+-mediated EC activation. In most of the 
patients, anti-ADAMTS13 antibodies behave as inhibitors of 
the ADAMTS13 protease, but in 10-20% of iTTP-patients, 
these antibodies demonstrate other mechanisms of inter-
action with ADAMTS13, such as increased clearance,16,17 
conformational changes,14,18 or increased metalloprotease 
activity19 without modifying ADAMTS13 quantification in 
ELISA.20,21 Our data suggest that in addition to these various 
interactions, anti-ADAMTS13 antibodies may also induce 
endothelial activation and VWF exocytosis, the well-known 
second hit of the disease.8 This observation may appear 
contradictory with animal models suggesting that anti-
ADAMTS13 antibodies do not induce VWF release. Indeed, 
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injection of an inhibiting anti-human ADAMTS13 mAb into 
baboons did not increase circulating VWF concentrations, 
but induced histological lesions of TTP, therefore suggest-
ing that at least local VWF occured.13 Also in humans the 
sole presence of anti-ADAMT13 auto antibodies seems in-
sufficient to induce the disease, which appears frequently 
related to precipitating events such as pregnancy, surgery 
or infections.22 These apparently contradictory results may 
have several explanations. First that our observations in 
vitro may not have an important significance in vivo. How-
ever, despite some heterogeneity, our results show a sig-
nificant association of Ca2+-induced endothelial activation 
in vitro with TTP prognosis and survival. Second, that not 
all anti-ADAMTS13 auto-antibodies have the capacity to in-
duce WPB degranulation or that iTTP IgG may recognize 
additional endothelial targets to induce this effect. This is 
consistent with the fact that in our experiments, inhibition 
of ADAMTS13 expression did not completely suppress the 
effects of iTTP IgG and that anti-ADAMTS13 mAb weakly 
activated EC in vitro. Other anti-EC antibodies, as sug-
gested by previous reports in iTTP and other autoimmune 
diseases, may participate in endothelial activation.23 More-
over, in support of the role of anti-ADAMTS13 in endothelial 
VWF release, it may be noticeable that during hTTP, even 
very low circulating concentrations of ADAMTS13 may not 
be associated with disease bouts, and that serum of hTTP 
which do not contain anti-ADAMTS13 auto-antibodies did 
not induce a strong endothelial activation in our experi-
ments. 
We also observed high free heme concentrations in iTTP 
plasma, in the order of magnitude of those observed in 
sickle cell disease and HUS patients.24,25 Heme-induced 
VWF exocytosis and participated in iTTP-induced Ca2+-me-
diated EC activation since VWF exocytosis was decreased 
by 30% by hemopexin. Free heme binds to TLR4 on EC and 
has been shown to induce WPB exocytosis.26,27 Interest-
ingly, TLR4, also the receptor for LPS, may mediate Ca2+ 
flux and endothelial permeability, as shown in lung EC.28 

Moreover, hemoglobin resulting from intravascular hemoly-
sis has been shown to inactivate ADAMTS13.29 Furthermore, 
in accordance with previous reports showing that histones 
could induced WPB exocytosis,30 we observed elevated 
concentrations of nucleosomes in iTTP plasma samples 
which weakly participated in iTTP-induced Ca2+-mediated 
EC. DNA/histone complexes known to contribute to 
thrombosis have been reported elevated in the plasma of 
TMA patients15 and have been shown to induce TTP in a ze-
brafish model, underscoring their potential importance in 
iTTP pathogenesis.31 Despite previous evidence showing the 
amplifying role of complement in endothelial activation,32 
our experiments did not show a role for complement in 
this very initial endothelial activation during iTTP. 
To date, except for markers of tissue ischemic injury, no 
real prognostic factor has been reported in iTTP, although 

anti-ADAMTS13 antibodies of various isotypes, including 
IgA, may be associated with more severe forms.33,34 In our 
study, the amount of in vitro endothelial Ca2+ flux induced 
by 62 iTTP plasma or serum samples appeared to be as-
sociated with disease severity and death, whereas neither 
free heme, nor nucleosome concentrations correlated with 
iTTP severity. This result may indicate that several plas-
matic components including anti-ADAMTS13 IgG, free 
heme, nucleosomes and possibly others converge to in-
duce Ca2+-mediated EC activation.  We have previously ob-
served in a prospective study that circulating EC counts 
correlated with disease severity.35 Thus, iTTP early progno-
sis and death may be related to the intensity of endothelial 
activation/injury. Moreover, the identification of Ca2+ as the 
main cellular messenger of iTTP-induced WPB degranula-
tion may possibly help to design a new therapeutic strat-
egy targeting endothelial activation.  
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