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Abstract:
Thrombotic thrombocytopenic purpura (TTP), a rare but fatal disease if untreated, is due to
alteration in Von Willebrand factor cleavage resulting in capillary microthrombi formation and
ischemic organ damage. Interleukin-1 (IL-1), has been shown to drive sterile inflammation following
ischemia and could play an essential contribution to post-ischemic organ damage in TTP. Our
objectives were to evaluate IL-1 involvement during TTP and to test the efficacy of the recombinant
IL-1 receptor antagonist, anakinra, in a murine TTP model. We retrospectively measured plasmatic
IL-1 concentrations in TTP patients and controls. TTP patients exhibited elevated plasma IL-1α and
β concentrations, which correlated with disease course and survival. In a TTP mouse model, we
administered anakinra (IL-1 inhibitor) or placebo for 5 days and evaluated the efficacy of this
treatment. Anakinra significantly reduced mortality of mice (P<0.001). Anakinra significantly
decreased TTP-induced cardiac damages as assessed by blood troponin concentrations, evaluation of
left ventricular function by echocardiography, [18F]FDG PET of myocardial glucose metabolism, and
cardiac histology. Anakinra also significantly reduced brain TTP-induced damages, evaluated through
blood PS100b concentrations, nuclear imaging and histology. We finally showed that IL-1α and β
trigger endothelial degranulation in vitro, leading to the release of Von Willebrand factor. In
conclusion, Anakinra significantly reduced TTP mortality in a pre-clinical model of the disease by
inhibiting both endothelial degranulation and post-ischemic inflammation, supporting further
evaluations in humans.
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Abstract  44 

 45 

Thrombotic thrombocytopenic purpura (TTP), a rare but fatal disease if untreated, is due to 46 

alteration in Von Willebrand factor cleavage resulting in capillary microthrombi formation 47 

and ischemic organ damage. Interleukin-1 (IL-1), has been shown to drive sterile 48 

inflammation following ischemia and could play an essential contribution to post-ischemic 49 

organ damage in TTP.  50 

 51 

Our objectives were to evaluate IL-1 involvement during TTP and to test the efficacy of the 52 

recombinant IL-1 receptor antagonist, anakinra, in a murine TTP model. 53 

 54 

We retrospectively measured plasmatic IL-1 concentrations in TTP patients and controls. TTP 55 

patients exhibited elevated plasma IL-1α and β concentrations, which correlated with disease 56 

course and survival. In a TTP mouse model, we administered anakinra (IL-1 inhibitor) or 57 

placebo for 5 days and evaluated the efficacy of this treatment. Anakinra significantly reduced 58 

mortality of mice (P<0.001). Anakinra significantly decreased TTP-induced cardiac damages 59 

as assessed by blood troponin concentrations, evaluation of left ventricular function by 60 

echocardiography, [18F]FDG PET of myocardial glucose metabolism, and cardiac histology. 61 

Anakinra also significantly reduced brain TTP-induced damages, evaluated through blood 62 

PS100b concentrations, nuclear imaging and histology. We finally showed that IL-1α and β 63 

trigger endothelial degranulation in vitro, leading to the release of Von Willebrand factor.  64 

 65 

In conclusion, Anakinra significantly reduced TTP mortality in a pre-clinical model of the 66 

disease by inhibiting both endothelial degranulation and post-ischemic inflammation, 67 

supporting further evaluations in humans. 68 

  69 
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Key points: 70 

 71 

•  Plasmatic IL-1 levels are raised in TTP patients and correlate with mortality and severity of 72 

cardiac injury in patients  73 

•  In a mouse model of TTP, IL-1 inhibition with anakinra significantly reduced mortality as 74 

well as cerebral and cardiac injury  75 

  76 
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Main Text  77 

 78 

Introduction  79 

 80 

Immune mediated thrombotic thrombocytopenic purpura (TTP) is a rare and life-threatening 81 

thrombotic microangiopathy caused by anti-ADAMTS13 autoantibodies and severe 82 

ADAMTS13 deficiency, the enzyme involved in cleavage of pro-thrombotic Von Willebrand 83 

factor (VWF) multimers
1
. The disease is characterized by formation of systemic 84 

microthrombi, resulting from a two-step mechanism, namely inhibition of ADAMTS13, and 85 

endothelial degranulation leading to exocytosis of ultra-large VWF multimers
2
. TTP is 86 

characterized by severe thrombocytopenia, hemolytic anemia and organ ischemia, mainly 87 

affecting heart and brain. Despite numerous treatments, including plasma exchanges, 88 

corticosteroids, rituximab and more recently caplacizumab, TTP remains a fatal disease for 89 

approximately 5% of patients
3
, cardiac ischemia representing the primary cause of death 

4
. 90 

Cardiac and cerebral ischemia may also be associated with long-term sequels 
5,6

.  91 

 92 

The interleukin-1 (IL-1) pathway is known to drive sterile inflammation following ischemia
7
. 93 

This pathway relies on 2 cytokines, IL-1α and β, which bind to the same signaling receptor 94 

(IL-1R1). IL-1α behaves as a damage-associated molecular pattern (DAMP) since it is 95 

constitutively present in the cytoplasm of cells and can be released into the extracellular 96 

compartment following ischemia-induced cell death
8
.  IL-1β is mainly produced by 97 

leukocytes and its transcription and processing may be activated by various DAMPs released 98 

by cell death. These two cytokines, which are released after ischemia, contribute significantly 99 

to tissue damage
9–12

. The size of experimental infarcts is reduced in IL-1α and IL-1β-KO mice 100 

as well as in IL-1R1-KO mice
13–15

. Anakinra, a recombinant form of the natural IL-1R 101 

antagonist, inhibits both biological effects of IL-1α and IL-1β and thus reduces both infarct 102 

size and post-ischemic impaired cardiac function in various in vivo studies
16–18

. Anakinra as 103 

an inhibitor of the IL-1 signaling pathway is therefore a promising target for the treatment of 104 

organ ischemia, which has recently been investigated in human clinical trials during acute 105 

coronary syndrome 
19–22

. 106 

 107 

TTP is an ischemic disease in which the involvement of IL-1 pathway has not been well 108 

demonstrated to date. Only one study reported slightly higher levels of IL-1β at diagnosis than 109 

during remission in 13 patients
23

. Given recent reports demonstrating the key function of IL-1 110 
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in ischemia
24,25

, we aimed to study the implication of IL-1 pathway in cardiac and brain 111 

ischemia-induced injury during TTP.   112 

 113 

First, we evaluated activation of IL-1 pathway in patients with TTP based on plasma levels of 114 

circulating IL-1α and β. Then, we inhibited IL-1 with anakinra in a severe mouse model of 115 

TTP. Finally, we tested the ability of IL-1 to trigger endothelial degranulation and thus VWF 116 

release, a critical step in TTP pathogenesis. 117 

  118 
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Methods  119 

 120 

Patients  121 

Inclusion protocol 122 

A prospective study was conducted in France between 2008 and 2011 consisting in a National 123 

Clinical Research Project (#2007/23) approved by the Ethical Committee of the “Assistance 124 

Publique-Hôpitaux de Marseille” and following informed consent according to the 125 

Declaration of Helsinki. Diagnostic criteria for TTP and then for patient classification 126 

(survivor, non-survivor) are described in supplement data. For each patient in the acute phase, 127 

platelet poor plasma was obtained from the first therapeutic plasma exchange (PEX) and thus 128 

prior to treatment of the disease. Plasma from the first PEX of patients with autoimmune 129 

neurological diseases (myasthenia gravis or polyradiculoneuritis) formed the negative 130 

controls. The control patients therefore have 2 decisive characteristics in common with the 131 

TTP patients: an autoimmune disease and a plasma collection that was carried out at the time 132 

of the first plasma exchange. Plasma from TTP patients was also collected during remission 133 

by venipuncture into sodium citrate.  134 

Blood analysis 135 

Plasma IL-1α concentrations from TTP and control patients were measured by ELISA (IL-1α 136 

human ELISA kit, Invitrogen). IL-1β levels in plasma from TTP and control patients were 137 

determined by ProQuantum High-Sensitivity Immunoassays (IL-1β human ProQuantum 138 

Immunoassay Kit, Thermofisher). Troponin T and PS-100b concentrations were measured in 139 

TTP plasma by electrochemiluminescence technique (Cobas 8000, module e602, Roche). 140 

 141 

Murine studies 142 

 Mouse characteristics and ethical aspects 143 

Male and female ADAMTS13 KO mice (B6.129-ADAMTS13tm1Dgi
26

) on C57Bl6xCASA 144 

background (with elevated VWF plasma levels) were kept and raised in our facilities on a 12h 145 

light/dark cycle, with free access to food and water. At the time of the experiments the mice 146 

were 12-15 weeks and had a body weight of 18–26 g. The mice were examined clinically on a 147 

daily basis, paying particular attention to their general condition, weight and stress levels. All 148 

experiments were performed in accordance with National Institutes of Health guidelines and 149 

were approved by the ethics committee in charge of animal experimentation of our institution 150 

(national agreement: D1305520, APAFIS#30226-2021050614583963). 151 

 Experimental protocols 152 
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Murine model of VWF-induced TTP was driven in ADAMTS13 KO mice by intravenous 153 

injection in the retro-orbital sinus of 1500IU/kg body weight of recombinant human VWF 154 

(Veyvondi, Takeda) on days (D) 0, 1 and 2. Control mice received daily retro-orbital 155 

injections of 0.9% NaCl of equivalent volume (vehicle). Treated mice received daily 156 

intraperitoneal injection of anakinra (Sobi) at 100mg/kg from day 0 to day 5, whereas 157 

untreated mice received intraperitoneal injection of 0.9% NaCl (placebo) of equivalent 158 

volume. Anakinra or placebo were injected 5 minutes after VWF at D0, D1, and D2. Four 159 

groups of mice were thus constituted: “Control” (injection of Vehicle and placebo), 160 

“Anakinra” (injection of Vehicle and anakinra), “TTP” (injection of VWF and placebo) and 161 

“TTP + anakinra” (injection of VWF and anakinra).  162 

To test the efficacy of the dosage of Anakinra at 100mg/kg, two protocols have been 163 

designed. The first included blood samples at D3 and a survival study up to D6 (Protocol 164 

No.1: Survival study, Supplemental Figure S1A). The second included imaging (ultrasound 165 

and isotope imaging) at D0 and D2 prior to cervical dislocation at D2 and a histologic study 166 

(Protocol No.2: Isotope imaging and histologic studies, Supplemental Figure S1B). Each 167 

outcome was analyzed by one-way ANOVA on rank (Kruskall Wallis test), then in case of p-168 

value<0.05, by a further comparison of each group to the reference group (“TTP”) performing 169 

Dunn’s correction. 170 

Murine model of IL-1-induced TTP was driven in ADAMTS13 KO and WT mice by 171 

intraperitoneal injections of 10ng/g human recombinant IL-1α or IL-1β (Biotechne) every 172 

hour for 9 hours (Supplemental Figure S1C). 173 

 Blood tests 174 

Blood samples were collected from the facial vein on anesthetized mice with 1-2% isoflurane. 175 

Hematocrit, hemoglobin and platelet counts were performed on EDTA-treated blood diluted 176 

to 1/3000
th

 using a veterinary hematology analyzer (Leytemed). Blood smear was stained with 177 

May-Grünwald-Giemsa for manual assessment of schistocytes, and remaining blood was 178 

centrifuged at 2000g for 15 minutes for plasma extraction. Troponin I levels in plasma from 179 

TTP and control mice was determined by ELISA (high sensitivity mouse cardiac troponin-I 180 

ELISA, Life Diagnostic). IL-1α and β concentrations in murine plasma were determined by 181 

ELISA (IL-1α ELISA kit, Invitrogen, and IL-1β ProQuantum Immunoassay Kit, 182 

Thermofisher, respectively). PS-100b levels were determined by ELISA (Mouse S100B 183 

ELISA Kit, Mybiosource). D-dimer concentrations were determined by ELISA (Mouse D-2D, 184 

MyBio Source). VWF antigen levels were measured in mouse plasma with an in-house 185 

enzyme-linked immunosorbent assay essentially as previously described using a pair of 186 
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polyclonal rabbit anti-VWF antibodies (Agilent Technologies)
27

. Normal citrated pooled 187 

plasma obtained from wild-type C57B6-mice was used as reference. VWF multimer profile 188 

was performed essentially as previously described in 2% SDS-agarose gels
28

.  VWF was 189 

detected with an in-house alkaline phosphatase-conjugated polyclonal anti-VWF and 190 

colorimetric alkaline phosphatase-substrate kit (Bio-Rad Laboratories). Membranes were 191 

imaged with a G:BOX Chemi XT16 Image Systems (Syngene). Multimer profiles were 192 

analyzed using the Gel Analyzer tool of ImageJ. High molecular weight multimers were 193 

defined as all peaks beyond the 10th peak.  194 

Heart imaging  195 

In vivo heart structure and function were evaluated at D0 and D2 using a high-frequency 196 

scanner (Vevo2100 VisualSonics). Briefly, mice were anesthetized with 1-2% isoflurane 197 

inhalation and placed on a heated platform to maintain temperature during the analysis. Two-198 

dimensional imaging was recorded with a 22-55 MHz transducer (MS550D) to capture long- 199 

and short-axis projections with guided M-Mode and B-Mode and analysis with VevoLab 200 

software (VisualSonics). A target heartrate of 450 ± 100 beats per minute was used to record 201 

the M-mode. Ejection fraction (EF) was defined as the difference between the telediastolic 202 

and telesystolic volume, divided by the telediastolic volume. Shortening Fraction (SF) was 203 

defined as the difference between the end-diastolic and telesystolic diameters, divided by the 204 

end-diastolic diameter.  205 

MicroPET/CT acquisitions were performed at D0 and D2 on a NanoscanPET-CT camera 206 

(Mediso). [18F]FDG (
18

F-Fluorodesoxyglucose) tracer was injected intraperitoneally. Mice 207 

were maintained under 1-2% isoflurane anaesthesia during acquisition. Static PET imaging 208 

was performed 1 hour after radiotracer injection, during 20 min. Quantitative region-of-209 

interest (ROI) analysis of the PET signal was performed using Invicro VivoQuant 4.0 210 

software (Mediso) and tissue uptake values were expressed as a mean percentage of the 211 

injected dose per gram of tissue (%ID/g) for [18F]FDG. [18F]FDG
 
was purchased as a ready-212 

to-use radiopharmaceutical (Gluscan, Advanced Accelerator Applications). 213 

Heart histology 214 

Methods for heart histology are described in supplemental methods. 215 

  216 

Brain and in vitro studies  217 

Methods for brain imaging and brain histology and in vitro endothelial cell studies are 218 

described in supplemental methods. 219 

 220 
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Statistical analysis 221 

Methods for statistical analysis are described in supplemental methods. 222 

All experiments in humans were conducted within the framework of a national clinical 223 

research project approved by the ethics committee of Assistance Publique-H�pitaux de 224 

Marseille (#2007/23). All experiments in mice were carried out in accordance with National 225 

Institutes of Health guidelines and were approved by our institution's animal experimentation 226 

ethics committee (national agreement: D1305520, APAFIS#30226-2021050614583963).   227 
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Results 228 

 229 

Increased IL-1α and β plasma concentrations correlate with disease prognosis  230 

 231 

30 plasmas from acute phase TTP patients (20 survivors and 10 non-survivors), 10 plasmas 232 

from control patients and 10 plasmas from TTP patients in remission were first analyzed 233 

(detailed information of TTP and control patients in Table 1). IL-1α and β concentrations 234 

were significantly higher in non-survivor TTP patients compared with survivors (P=0.044, 235 

Figure 1A-B). IL-1α and β concentrations were significantly higher in the surviving TTP 236 

patients compared with the control group (P=0.028 and P<.001 respectively, Figure 1A and 237 

1B). In patients tested during remission, plasma IL-1α and IL-1β concentrations were 238 

significantly lower than those observed in the acute phase of the disease (P=0.006 and 239 

P=0.004 respectively, Figure 1A-B). IL-1α and β plasma concentrations correlated during the 240 

acute phase (r²= 0.692, moderate correlation, P<.001, Supplemental Figure S2A). The ratio 241 

of IL-1α to IL-1β was significantly higher in TTP patients who did not survive than in 242 

survivors (P=0.002, Supplemental Figure S2B).  243 

 244 

Ischemic damages in TTP primarily affect heart and brain. We retrospectively assessed 245 

involvement of these two major organs by measuring troponin T and PS-100b concentrations 246 

in plasma of TTP patients. Plasma troponin levels were significantly higher in non-survivors 247 

compared to survivors (P=0.031, Supplemental Figure S2C), as were PS-100b levels 248 

(P=0.022, Supplemental Figure S2D). Plasma troponin and PS-100b concentrations strongly 249 

correlated with IL-1α and β concentrations in TTP patients (troponin and IL-1α: r²=0.714, 250 

strong correlation, P<.0001; troponin and IL-1β:  r²=0.758, strong correlation, P<.0001; PS-251 

100b and IL-1α:  r²=0.538, moderate correlation, P<.0001; PS-100b and IL-1β: r²=0.546, 252 

moderate correlation P<.001, Figure 1C to F). We found no correlation between IL-1α and 253 

IL-1β plasma levels and anti-ADAMTS13 immunoglobulin G (IgG) concentrations in TTP 254 

patients (P=0.85 and P=0.54 respectively, r²=0.03 and r²=0.12 weak correlation for both, 255 

Supplemental Figure S2E and F).  256 

 257 

258 
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Anakinra reduces mortality in a murine model of TTP  259 

 260 

Based on these preliminary observations, we next asked whether IL-1 may be involved in a 261 

TTP murine model. We first explored a model of TTP using daily intravenous injection of 262 

VWF (1500IU/kg) for 3 days in ADAMTS13 KO mice.  This protocol (Supplemental Figures 263 

S1A and S1B) induced acute TTP characterized by severe thrombocytopenia, mechanical 264 

hemolytic anemia (schistocytes) and capillary microthrombi (Supplemental Figure S3A-E). 265 

This protocol showed high mortality rate with 70% of mice died at D4 (Supplemental Figure 266 

S3F). Plasma IL-1α and IL-1β concentrations were significantly elevated (Supplemental 267 

Figure S3G-H).  268 

 269 

We then assessed the efficacy of anakinra in this murine model. We first determined the dose 270 

of anakinra to study, based on dose-response evaluation. TTP was induced in 36 mice 271 

randomly assigned to 6 groups treated with 1, 10, 25, 50, 100, 200 mg/kg/day anakinra 272 

respectively (Figure 2A). Plasma troponin and PS-100b concentrations were measured and 273 

compared at the peak disease severity (D3). The 100mg/kg dose was the lowest dose to 274 

achieve a statistically effect for both changes in plasma troponin and PS-100b levels (Figure 275 

2B and 2C). The lowest median survival rate was observed in the group with the lowest dose 276 

(1mg/kg), while the 2 highest doses (100 and 200mg/kg) had the highest survival rate, but 277 

these results were not statistically significant (P=0.07, Figure 2D). We therefore selected the 278 

100mg/kg dose of anakinra. 279 

 280 

A survival study was then conducted on male mice divided into 4 groups: with or without 281 

TTP and with or without treatment by 100mg/kg/day anakinra (protocol No.1, Supplemental 282 

Figure S1A). TTP induced a significant excess mortality compared to the two control groups 283 

which was significantly reduced by the administration of anakinra (P=0.004, Figure 2E).  284 

 285 

Anakinra reduces cardiac and cerebral damages in a murine model of TTP  286 

 287 

To further understand underlying mechanisms of beneficial effect of anakinra on mortality, 288 

additional male mice were included to evaluate specific cardiac and brain damages (protocol 289 

No.2, Supplemental Figure S1B).  290 

 291 
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Cardiac involvement was assessed using multimodality approach, including troponin assays, 292 

echocardiography, PET imaging and histology. TTP-mice exhibited a significant increase of 293 

troponin concentrations compared to control mice (P<.001, Figure 3A) which were 294 

significantly reduced by anakinra treatment (P=.038). TTP also resulted in significant 295 

alterations SF compared to controls (P<.001), which were significantly reduced by anakinra 296 

(P=0.035, Figure 3B, Figure 3C). Moreover, TTP induced a significant increase of [18F]FDG 297 

cardiac uptake compared to controls (P<.001, Figure 3D-E), which was significantly reduced 298 

by anakinra  (P<.001). Evaluation of ischemic myocardial lesions based on histological scale 299 

was consistent with previous assessments: significant histological lesions in the TTP group 300 

compared to the control group (P=0.003, Figure 3F-G) were reduced by anakinra (P=0.043).   301 

 302 

Evaluation of brain involvement included analysis of PS-100b levels, [18F]FDG brain and 303 

[99mTc]Tc-DTPA uptake, and histological assessment. Mice from the TTP group exhibited a 304 

significantly higher increase of PS-100b plasma levels than the control group (P=0.016, 305 

Figure 4A) which was significantly reduced by anakinra treatment (P=0.041). TTP also 306 

resulted in significant increase in [18F]FDG brain uptake compared to controls (P=0.036, 307 

Figure 4B-C), which was significantly reduced by anakinra (P=0.023). Moreover, TTP was 308 

associated with significant [99mTc]Tc-DTPA brain uptake increase compared to control 309 

(P<.001, Figure 4D-E), which was significantly reduced by anakinra (P=0.037). Analysis of 310 

brain tissue from mice showed that TTP caused significant neuronal damage compared to 311 

controls (P<.001, Figure 4F-G), which was significantly reduced by anakinra (P<.001).  312 

 313 

Ischemia-induced IL-1 triggers endothelial degranulation leading to amplification loop 314 

of VWF release in TTP 315 

 316 

During TTP, thrombocytopenia is known to be the result of platelet aggregation on high 317 

molecular weight VWF multimers previously degranulated by endothelial cells. Then, 318 

microthrombi resulting from this process are responsible for mechanical red blood cell lysis 319 

and anemia. Hematological parameters (anemia and thrombopenia) are therefore indirect 320 

markers of the occurrence of capillary microthrombi. Unexpectedly, in our TTP murine 321 

model, we observed that anakinra significantly improved the number of red blood cells 322 

(P=0.029, Supplemental Figure S4A) and platelets (P=0.035, Supplemental Figure S4B). 323 

Analyze of myocardial capillary microthrombi by immunofluorescence on myocardial 324 

sections from 18 hearts of mice with or without TTP, treated or not with anakinra 325 
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(Supplemental Figure S4C-D) demonstrated that treated mice had fewer capillary 326 

microthrombi than those from non-treated mice (P=0.008).  327 

Given the decrease in the number of capillary microthrombi in mice treated with an IL-1 328 

receptor antagonist, and since preliminary studies show no effect of anakinra on VWF 329 

reactivity (Supplemental Figure S5A-E), we wondered whether IL-1 itself is involved in 330 

endothelial cell degranulation. We then stimulated HMVEC-c with PBS, IL-1α or IL-1β for 1 331 

hour and observed significantly higher VWF concentrations in IL-1α and β-stimulated cells 332 

supernatants (P=0.008 and P=0.008 for IL-1α and β, respectively, Figure 5A). IL-1α and β-333 

induced VWF release was detectable as early as 15 minutes and did not change significantly 334 

after 30 minutes of stimulation, in favor of a rapid VWF release mechanism (Figure 5B-C). 335 

The rapid release of VWF by endothelial cells is known to be calcium dependent. We then 336 

blocked intracellular calcium signalization with MAPTAM, a cell-permeable calcium 337 

chelator. MAPTAM significantly decreased IL-1-induced VWF release (IL-1α: P=0.036 and 338 

IL-1β: P=0.036, Figure 5A), confirming that IL-1-induced endothelial degranulation was 339 

calcium-dependent. We also tested IL-1α and β on intracellular calcium flux using a 340 

fluorescent calcium probe. In response to both cytokines, HMVEC-c generated significantly 341 

greater calcium flux than PBS (Figure 5D). TTP plasma has been shown to trigger calcium-342 

dependent endothelial degranulation
29

. To assess whether IL-1 present in the plasma from 343 

TTP patient induced endothelial degranulation, we stimulated HMVEC-c with TTP or control 344 

plasma, in the presence or absence of anakinra.  Anakinra decreased the release of VWF in 345 

the supernatants of HMVEC-c stimulated by TTP plasma (P=0.03, Figure 5E). Consistent 346 

results were obtained from the measurement of intracellular calcium flux (Figure 5F).  347 

  348 

Since IL-1α and β could trigger endothelial degranulation in vitro, we wondered whether 349 

these cytokines could induce TTP in ADAMTS13 KO mice. We injected ADAMTS13 KO 350 

and the WT control mice with high concentrations of IL-1α, IL-1β or equivalent volume of 351 

PBS and assessed the development of TTP using previously reported read-out. IL-1α and β 352 

resulted in significant thrombopenia compared to PBS only in ADAMTS13 KO mice (P<.001 353 

for both, Figure 6A). To differentiate between thrombocytopenia due to microangiopathy or 354 

possible intravascular disseminated coagulation mechanism, D-dimer concentrations were 355 

measured. D-dimer increased after IL-1α and β injection (P<.001, Supplemental Figure S6A) 356 

but this increase was independent of KO or WT genotype (P=0.08), rendering unlikely an 357 

underlying intravascular disseminated coagulation mechanism in ADAMTS13KO mice. As 358 

expected, given the short delay (H10), we did not observe significant anemia in the mice 359 
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(Supplemental Figure S6B), but schistocytes were observed in all IL-1α and IL-1β injected 360 

KO mice (Supplemental Figure S6C).  Moreover, IL-1α and IL-1β injections significantly 361 

increased VWF plasma levels only in KO mice (P<.001 for both, Figure 6B), and as expected 362 

this increase was associated with a loss of high-molecular-weight VWF multimers in 363 

electrophoresis (Supplemental Figure S6D).  IL-1α and β injections increased troponin levels 364 

only in KO mice (P<.001 for both, Figure 6C). Histologically, cardiac ischemic lesions were 365 

only observed in KO mice injected with IL-1α or IL-1β (P=0.006 and P=0.03, Figure 6D). 366 

Finally, immunofluorescence analysis of cardiac capillary microthrombi revealed that only 367 

ADAMTS13 KO mice injected with IL-1α or IL-1β exhibited significant increase in the 368 

amount of intra-capillary VWF thrombi (P=0.006 and P=0.03, Figure 6E).   369 
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Discussion 370 

 371 

TTP is characterized by an ADAMTS13 deficiency and systemic tissue ischemia resulting 372 

from capillary microthrombi accumulation. The two main organs affected are heart and brain. 373 

Cardiac ischemia is assessed in humans by blood troponin assay and echocardiographic 374 

evaluation of EF
30

. It is a major risk factor for disease mortality. Assessment of neurological 375 

ischemia is not standardized to date, but recent studies have highlighted a possible alteration 376 

of the blood-brain barrier (BBB) in TTP
31

, which may be associated with later development 377 

of cognitive impairment and depression
32,33

.  378 

 379 

IL-1α and IL-1β are two main proinflammatory cytokines involved in pathogenesis of tissue 380 

lesions secondary to an ischemic process
34

. Indeed, the release of multiple DAMPs by 381 

ischemic dying cells induces IL-1α and β transcription and IL-1β processing through NLRP3 382 

inflammasome assembling and caspase-1 activation, in a large part through binding to TLR4 383 

and TLR2
35

. In mice, TLR2/4 inhibition
36

 has been shown to reduce both post-ischemic 384 

myocardial leukocyte infiltration and the size of myocardial infarctions 
37

. Thus, the role of 385 

IL-1α and β in ischemia due to TTP deserved investigations. 386 

 387 

First, we observed that mostly IL-1α but also IL-1β concentrations were elevated during the 388 

acute phase of the disease, normalized during remission, and correlated with disease mortality 389 

and morbidity evaluated by troponin T and PS-100b concentrations. Troponin is an important 390 

prognosis biomarker during TTP, known to correlate with cardiac involvement and 391 

mortality
30

. Although not previously evaluated in TTP, PS-100b is considered as a good 392 

biomarker of brain ischemia
38

, predicting clinical stroke status in patients during the early 393 

phase of the disease
39

. Circulating concentrations of PS-100b appeared to correlate with TTP-394 

induced mortality in our study. The higher IL-1α/β ratio observed in non-surviving TTP 395 

patients in our study may indicate a greater contribution of IL-1α in determining the severity 396 

of TTP. IL-1α is an intracellular cytokine, constitutively present in epithelial and endothelial 397 

cells which is released in apoptotic bodies or during cell necrosis
40

. The elevated 398 

concentrations of IL-1α observed in TTP patients may indicate a necrotic endothelial origin of 399 

this cytokine, which is not directly related to the immune mechanism of the disease (anti-400 

ADAMTS13 antibodies) but rather to its ischemic features. However, the present study was 401 

not designed to determine the original cell source of IL-1α or β. 402 

 403 
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The increase in IL-1α and IL-1β levels observed in our study may seem modest. However, 404 

extremely low serum levels of these cytokines are sufficient to elicit clinically relevant pro-405 

inflammatory effects (a few nanograms injected into humans are sufficient to induce fever)
41

. 406 

IL-1α and IL-1β exert mainly local effects (para- and autocrine), so serum levels are often 407 

undetectable. In a highly inflammatory disease such as severe sepsis with multi-organ failure, 408 

for example, only a few studies have succeeded in detecting a very small increase in IL-1β in 409 

the order of a few pg/mL
42

. Similar limitations of the assays have been observed in organ 410 

ischemia such as stroke
43,44

 or myocardial infarction
45,46

. So, to assess the potential 411 

pathogenic role of IL-1α and β during TTP, we then evaluated the effect of the recombinant 412 

human IL-1 receptor antagonist, anakinra, in a murine model of TTP. The classic murine 413 

model of TTP is based on a single injection of 2000 IU/Kg VWF
47

. This model is slightly 414 

severe (0% mortality) and failed to prove favorable effect of anakinra. We therefore adapted it 415 

by performing 3 daily injections of VWF at 1500 IU/kg, resulting in a model with high 416 

mortality much closed to that observed in humans. The dose of anakinra (100mg/kg/day) was 417 

selected after a preliminary dose-response study. Although it was much higher than that used 418 

in humans (100mg/day), it was consistent with doses commonly used in mouse models of 419 

ischemia
48–50

 or inflammatory diseases
51

. This may be explained by a lower affinity of 420 

anakinra for the mouse IL-1 receptor. Anakinra injections decreased cardiac lesions, as 421 

assessed by troponin concentrations, echocardiography, PET imaging and histological 422 

analysis. In addition, anakinra also reduced cerebral ischemia, demonstrated by circulating 423 

PS-100b concentrations, cerebral glucose metabolism and BBB analysis. The cerebral and 424 

cardiac hypermetabolism ([18F]FDG uptake) observed in untreated TTP mice by PET 425 

suggests a local inflammatory response triggered by ischemia leading to vascular leakage. 426 

This was associated with a rupture of the BBB, as evidenced by capillary leakage of 427 

[99mTc]Tc-DTPA. These results are thus in support of an important role for IL-1 in TTP 428 

pathogenesis, and a protective effect of IL-1 inhibition. 429 

 430 

Anakinra-treated mice exhibited less severe hematological disturbance than untreated mice 431 

suggesting an unexpected role of IL-1 in endothelial VWF degranulation. We confirmed this 432 

effect in vitro using microvascular endothelial cells treated by IL-1. These findings were also 433 

observed in vivo since it was possible to induce TTP in ADAMTS13 KO mice by injection of 434 

IL-1α and β alone, although at supraphysiological concentrations. It should be noted that IL-1 435 

can cause inflammatory lesions in the heart independently of ADAMTS-13 deficiency. 436 

However, in this case, the histologic lesions occur only after several days
18,52

, compared to 10 437 
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hours in our study. Therefore, ADAMTS-13 deficiency sensitizes cardiac cells early to IL-1 438 

toxicity through VWF degranulation, followed by the production of micro-thrombi that 439 

consume platelets and high-molecular-weight VWF multimers and generate TTP
53

.  440 

 441 

Our results suggest that IL-1 may be involved in an amplification loop of VWF endothelial 442 

degranulation in TTP. Several such amplification loops have already been reported in TTP, 443 

involving complement
54

, heme
55

, or NETs
56

: TTP-induced ischemia and hemolysis trigger 444 

complement activation, free heme production and NET generation which promote subsequent 445 

endothelial degranulation and VWF release, amplifying micro-thrombi formation and 446 

constituting a harmful amplification loop increasing TTP severity
57

. IL-1α and β may also 447 

participate in such a amplification loop, since these two cytokines are released in response to 448 

ischemia
8
. Thus blocking IL-1 may not only decrease the consequences of ischemia-induced 449 

inflammation but also inhibit endothelial degranulation, a well-recognized mechanism in TTP 450 

pathogenesis
58

, but not targeted by current treatments of the disease.  451 

 452 

This study has several limitations. Cardiac and neurological outcomes in TTP patients were 453 

assessed retrospectively and through biological markers only. In the murine model, we 454 

injected anakinra rapidly after the onset of TTP possibly artificially increasing its 455 

effectiveness. However, given the high mortality rate in our model (80% at D3 without 456 

treatment), it appears difficult to start IL-1 inhibition more lately.  In addition, we did not 457 

investigate the optimal duration of anakinra treatment. Here again, we are limited by the 458 

model, since TTP is "active" only as long as VWF injections are given. As soon as these 459 

injections are stopped, surviving mice get better and better and platelets rise spontaneously. It 460 

therefore appears difficult to study the effect of longer durations of anakinra treatment on 461 

remitting mice after stopping injections. To modulate the onset and duration of anakinra 462 

treatment, and possibly evaluate more time points after TTP with non-invasive Doppler and 463 

PET scans, we need to establish less severe models of microangiopathy that last several days. 464 

So far, such models are not available. Another limitation of our study is that brain [18F]FDG 465 

uptake may have been affected by BBB alteration due to TTP. Finally, the induction of TTP 466 

by IL-1 injection in mice required the administration of very high doses of IL-1. However, 467 

induction of endothelial degranulation and TTP in mice has been shown to be challenging, 468 

only one such model has been reported to date, driven by large concentrations of 469 

shigatoxin
26,59

.  470 

 471 
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In conclusion, our work reports consistent results on the role of IL-1α and β in TTP. Released 472 

in response to ischemia, these 2 cytokines contribute to organ damages through induction of 473 

sterile inflammation and triggering VWF endothelial degranulation. Anakinra improves 474 

hematologic parameters of thrombotic microangiopathy, reduces cardiac and cerebral and 475 

significantly decreases TTP-induced mortality in mice. The relevance of this work should be 476 

evaluated in humans. 477 

 478 

 479 

Acknowledgements: The work was supported by INSERM (Institut National de la Santé et 480 

de la Recherche Médicale). We acknowledge Cécile Denis and Eloïse Pascal for their help in 481 

VWF antigen and multimers analysis. We thank Manal Ibrahim from the Laboratory of 482 

hematology of Timone, Marseille, for the help in VWF and platelet reactivity.  483 

 484 

Authorship contributions: 485 

RM, RC, ML, YK, MM and ET conducted in vitro and in vivo experiments. RM, ML, SR and 486 

GC conducted the histological analyses. RM, SF, GH and BG performed functional imaging 487 

analyses. PL performed and interpreted VWF antigen and multimers analysis. PP and GK 488 

monitored the multi-center clinical study. RM, ML and ET wrote the first draft of the 489 

manuscript. RC, GH, BG, SF, FDG and GK revised it critically. RM, ET and GK managed 490 

the overall research enterprise. 491 

 492 

Disclosure of conflicts of interest:  493 

The authors declare no competing interests 494 

 495 

 496 

 497 

Source of funding:  498 

- INSERM (National Institute of Health and Medical Research) 499 

- AP-HM (Public Assistance of the Hospital of Marseille) 500 

- National Clinical Research Project (#2007/23) 501 

- SNFMI (Société Nationale Française de Médecine Interne)  502 

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/doi/10.1182/blood.2023021974/2221743/blood.2023021974.pdf by guest on 08 M

ay 2024



20 
 

References 503 

 504 

1. Sadler JE. Pathophysiology of thrombotic thrombocytopenic purpura. Blood. 2017;130(10):1181-505 
1188. doi:10.1182/blood-2017-04-636431 506 

2. Sukumar S, Lämmle B, Cataland SR. Thrombotic Thrombocytopenic Purpura: Pathophysiology, 507 
Diagnosis, and Management. J Clin Med. 2021;10(3):536. doi:10.3390/jcm10030536 508 

3. Dutt T, Shaw RJ, Stubbs M, et al. Real-world experience with caplacizumab in the management of 509 
acute TTP. Blood. 2021;137(13):1731-1740. doi:10.1182/blood.2020007599 510 

4. Nichols L, Berg A, Rollins-Raval MA, Raval JS. Cardiac injury is a common postmortem finding in 511 
thrombotic thrombocytopenic purpura patients: is empiric cardiac monitoring and protection 512 
needed? Ther Apher Dial Off Peer-Rev J Int Soc Apher Jpn Soc Apher Jpn Soc Dial Ther. 513 
2015;19(1):87-92. doi:10.1111/1744-9987.12191 514 

5. Chaturvedi S, Abbas H, McCrae K. Increased Morbidity During Long Term Follow Up of Survivors 515 
of Thrombotic Thrombocytopenic Purpura. Am J Hematol. 2015;90(10):E208. 516 
doi:10.1002/ajh.24138 517 

6. Balasubramaniyam N, Yandrapalli S, Kolte D, Pemmasani G, Janakiram M, Frishman WH. 518 
Cardiovascular Complications and Their Association With Mortality in Patients With Thrombotic 519 
Thrombocytopenic Purpura. Am J Med. 2021;134(2):e89-e97. 520 
doi:10.1016/j.amjmed.2020.06.020 521 

7. Courties G, Moskowitz MA, Nahrendorf M. The innate immune system after ischemic injury — 522 
lessons to be learned from the heart and brain. JAMA Neurol. 2014;71(2):233-236. 523 
doi:10.1001/jamaneurol.2013.5026 524 

8. Dinarello CA. Overview of the IL-1 family in innate inflammation and acquired immunity. 525 
Immunol Rev. 2018;281(1):8-27. doi:10.1111/imr.12621 526 

9. Murray KN, Parry-Jones AR, Allan SM. Interleukin-1 and acute brain injury. Front Cell Neurosci. 527 
2015;9:18. doi:10.3389/fncel.2015.00018 528 

10. Toldo S, Mezzaroma E, Bressi E, et al. Interleukin-1β blockade improves left ventricular 529 
systolic/diastolic function and restores contractility reserve in severe ischemic cardiomyopathy 530 
in the mouse. J Cardiovasc Pharmacol. 2014;64(1):1-6. doi:10.1097/FJC.0000000000000106 531 

11. Toldo S, Seropian IM, Mezzaroma E, et al. Alpha-1 antitrypsin inhibits caspase-1 and protects 532 
from acute myocardial ischemia-reperfusion injury. J Mol Cell Cardiol. 2011;51(2):244-251. 533 
doi:10.1016/j.yjmcc.2011.05.003 534 

12. Abbate A, Van Tassell BW, Seropian IM, et al. Interleukin-1beta modulation using a genetically 535 
engineered antibody prevents adverse cardiac remodelling following acute myocardial infarction 536 
in the mouse. Eur J Heart Fail. 2010;12(4):319-322. doi:10.1093/eurjhf/hfq017 537 

13. Boutin H, LeFeuvre RA, Horai R, Asano M, Iwakura Y, Rothwell NJ. Role of IL-1α and IL-1β in 538 
Ischemic Brain Damage. J Neurosci. 2001;21(15):5528-5534. doi:10.1523/JNEUROSCI.21-15-539 
05528.2001 540 

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/doi/10.1182/blood.2023021974/2221743/blood.2023021974.pdf by guest on 08 M

ay 2024



21 
 

14. Lugrin J, Parapanov R, Milano G, et al. The systemic deletion of interleukin-1α reduces 541 
myocardial inflammation and attenuates ventricular remodeling in murine myocardial infarction. 542 
Sci Rep. 2023;13(1):4006. doi:10.1038/s41598-023-30662-4 543 

15. Abbate A, Salloum FN, Van Tassell BW, et al. Alterations in the interleukin-1/interleukin-1 544 
receptor antagonist balance modulate cardiac remodeling following myocardial infarction in the 545 
mouse. PloS One. 2011;6(11):e27923. doi:10.1371/journal.pone.0027923 546 

16. Abbate A, Salloum FN, Vecile E, et al. Anakinra, a recombinant human interleukin-1 receptor 547 
antagonist, inhibits apoptosis in experimental acute myocardial infarction. Circulation. 548 
2008;117(20):2670-2683. doi:10.1161/CIRCULATIONAHA.107.740233 549 

17. Toldo S, Schatz AM, Mezzaroma E, et al. Recombinant human interleukin-1 receptor antagonist 550 
provides cardioprotection during myocardial ischemia reperfusion in the mouse. Cardiovasc 551 
Drugs Ther. 2012;26(3):273-276. doi:10.1007/s10557-012-6389-x 552 

18. Gorelik M, Lee Y, Abe M, et al. IL‐1 receptor antagonist, anakinra, prevents myocardial 553 
dysfunction in a mouse model of Kawasaki disease vasculitis and myocarditis. Clin Exp Immunol. 554 
2019;198(1):101-110. doi:10.1111/cei.13314 555 

19. Morton AC, Rothman AMK, Greenwood JP, et al. The effect of interleukin-1 receptor antagonist 556 
therapy on markers of inflammation in non-ST elevation acute coronary syndromes: the MRC-ILA 557 
Heart Study. Eur Heart J. 2015;36(6):377-384. doi:10.1093/eurheartj/ehu272 558 

20. Abbate A, Kontos MC, Grizzard JD, et al. Interleukin-1 blockade with anakinra to prevent adverse 559 
cardiac remodeling after acute myocardial infarction (Virginia Commonwealth University 560 
Anakinra Remodeling Trial [VCU-ART] Pilot study). Am J Cardiol. 2010;105(10):1371-1377.e1. 561 
doi:10.1016/j.amjcard.2009.12.059 562 

21. Abbate A, Van Tassell BW, Biondi-Zoccai G, et al. Effects of interleukin-1 blockade with anakinra 563 
on adverse cardiac remodeling and heart failure after acute myocardial infarction [from the 564 
Virginia Commonwealth University-Anakinra Remodeling Trial (2) (VCU-ART2) pilot study]. Am J 565 
Cardiol. 2013;111(10):1394-1400. doi:10.1016/j.amjcard.2013.01.287 566 

22. Abbate A, Trankle CR, Buckley LF, et al. Interleukin-1 Blockade Inhibits the Acute Inflammatory 567 
Response in Patients With ST-Segment-Elevation Myocardial Infarction. J Am Heart Assoc. 568 
2020;9(5):e014941. doi:10.1161/JAHA.119.014941 569 

23. Wada H, Kaneko T, Ohiwa M, et al. Plasma cytokine levels in thrombotic thrombocytopenic 570 
purpura. Am J Hematol. 1992;40(3):167-170. doi:10.1002/ajh.2830400303 571 

24. Abbate A, Wohlford GF, Del Buono MG, et al. Interleukin-1 blockade with anakinra and heart 572 
failure following ST-segment elevation myocardial infarction: results from a pooled analysis of 573 
the VCUART clinical trials. Eur Heart J Cardiovasc Pharmacother. 2022;8(5):503-510. 574 
doi:10.1093/ehjcvp/pvab075 575 

25. Del Buono MG, Damonte JI, Trankle CR, et al. Effect of interleukin-1 blockade with anakinra on 576 
leukocyte count in patients with ST-segment elevation acute myocardial infarction. Sci Rep. 577 
2022;12(1):1254. doi:10.1038/s41598-022-05374-w 578 

26. Motto DG, Chauhan AK, Zhu G, et al. Shigatoxin triggers thrombotic thrombocytopenic purpura 579 
in genetically susceptible ADAMTS13-deficient mice. J Clin Invest. 2005;115(10):2752-2761. 580 
doi:10.1172/JCI26007 581 

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/doi/10.1182/blood.2023021974/2221743/blood.2023021974.pdf by guest on 08 M

ay 2024



22 
 

27. Lenting PJ, Westein E, Terraube V, et al. An experimental model to study the in vivo survival of 582 
von Willebrand factor. Basic aspects and application to the R1205H mutation. J Biol Chem. 583 
2004;279(13):12102-12109. doi:10.1074/jbc.M310436200 584 

28. Raines G, Aumann H, Sykes S, Street A. Multimeric analysis of von Willebrand factor by molecular 585 
sieving electrophoresis in sodium dodecyl sulphate agarose gel. Thromb Res. 1990;60(3):201-586 
212. doi:10.1016/0049-3848(90)90181-b 587 

29. Tellier E, Widemann A, Cauchois R, et al. Immune-mediated thrombotic thrombocytopenic 588 
purpura plasma induces calcium- and IgG-dependent endothelial activation: correlations with 589 
disease severity. Haematologica. 2022;108(4):1127-1140. doi:10.3324/haematol.2022.280651 590 

30. Benhamou Y, Boelle PY, Baudin B, et al. Cardiac troponin-I on diagnosis predicts early death and 591 
refractoriness in acquired thrombotic thrombocytopenic purpura. Experience of the French 592 
Thrombotic Microangiopathies Reference Center. J Thromb Haemost JTH. 2015;13(2):293-302. 593 
doi:10.1111/jth.12790 594 

31. Huang SHS, Pavenski K, Lee TY, et al. Blood-brain barrier permeability in survivors of immune-595 
mediated thrombotic thrombocytopenic purpura: a pilot study. Blood Adv. 2021;5(20):4211-596 
4218. doi:10.1182/bloodadvances.2021005317 597 

32. Alwan F, Mahdi D, Tayabali S, et al. Cerebral MRI findings predict the risk of cognitive impairment 598 
in thrombotic thrombocytopenic purpura. Br J Haematol. 2020;191(5):868-874. 599 
doi:10.1111/bjh.17126 600 

33. Falter T, Schmitt V, Herold S, et al. Depression and cognitive deficits as long-term consequences 601 
of thrombotic thrombocytopenic purpura. Transfusion (Paris). 2017;57(5):1152-1162. 602 
doi:10.1111/trf.14060 603 

34. Abbate A, Toldo S, Marchetti C, Kron J, Van Tassell BW, Dinarello CA. Interleukin-1 and the 604 
Inflammasome as Therapeutic Targets in Cardiovascular Disease. Circ Res. 2020;126(9):1260-605 
1280. doi:10.1161/CIRCRESAHA.120.315937 606 

35. Vilahur G, Badimon L. Ischemia/reperfusion activates myocardial innate immune response: the 607 
key role of the toll-like receptor. Front Physiol. 2014;5:496. doi:10.3389/fphys.2014.00496 608 

36. Zhang X, Du Q, Yang Y, et al. The protective effect of Luteolin on myocardial 609 
ischemia/reperfusion (I/R) injury through TLR4/NF-κB/NLRP3 inflammasome pathway. Biomed 610 
Pharmacother. 2017;91:1042-1052. doi:10.1016/j.biopha.2017.05.033 611 

37. Mersmann J, Habeck K, Latsch K, et al. Left ventricular dilation in toll-like receptor 2 deficient 612 
mice after myocardial ischemia/reperfusion through defective scar formation. Basic Res Cardiol. 613 
2011;106(1):89-98. doi:10.1007/s00395-010-0127-y 614 

38. Elting JW, de Jager AE, Teelken AW, et al. Comparison of serum S-100 protein levels following 615 
stroke and traumatic brain injury. J Neurol Sci. 2000;181(1-2):104-110. doi:10.1016/s0022-616 
510x(00)00442-1 617 

39. Sienkiewicz-Jarosz H, Gałecka-Wolska M, Bidziński A, et al. Predictive value of selected 618 
biochemical markers of brain damage for functional outcome in ischaemic stroke patients. 619 
Neurol Neurochir Pol. 2009;43(2):126-133. 620 

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/doi/10.1182/blood.2023021974/2221743/blood.2023021974.pdf by guest on 08 M

ay 2024



23 
 

40. Cavalli G, Colafrancesco S, Emmi G, et al. Interleukin 1α: a comprehensive review on the role of 621 
IL-1α in the pathogenesis and treatment of autoimmune and inflammatory diseases. Autoimmun 622 
Rev. 2021;20(3):102763. doi:10.1016/j.autrev.2021.102763 623 

41. Dinarello CA, van der Meer JWM. Treating inflammation by blocking interleukin-1 in humans. 624 
Semin Immunol. 2013;25(6):469-484. doi:10.1016/j.smim.2013.10.008 625 

42. Loisa P, Rinne T, Laine S, Hurme M, Kaukinen S. Anti-inflammatory cytokine response and the 626 
development of multiple organ failure in severe sepsis. Acta Anaesthesiol Scand. 2003;47(3):319-627 
325. doi:10.1034/j.1399-6576.2003.00004.x 628 

43. Clausen BH, Wirenfeldt M, Høgedal SS, et al. Characterization of the TNF and IL-1 systems in 629 
human brain and blood after ischemic stroke. Acta Neuropathol Commun. 2020;8:81. 630 
doi:10.1186/s40478-020-00957-y 631 

44. Wytrykowska A, Prosba-Mackiewicz M, Nyka WM. IL-1β, TNF-α, and IL-6 levels in gingival fluid 632 
and serum of patients with ischemic stroke. J Oral Sci. 2016;58(4):509-513. 633 
doi:10.2334/josnusd.16-0278 634 

45. Stein A, Mohr F, Laux M, et al. Erythropoietin-induced progenitor cell mobilisation in patients 635 
with acute ST-segment-elevation myocardial infarction and restenosis. Thromb Haemost. 636 
2012;107(4):769-774. doi:10.1160/TH11-08-0552 637 

46. Mirhafez SR, Zarifian A, Ebrahimi M, et al. Relationship between serum cytokine and growth 638 
factor concentrations and coronary artery disease. Clin Biochem. 2015;48(9):575-580. 639 
doi:10.1016/j.clinbiochem.2015.02.002 640 

47. Le Besnerais M, Favre J, Denis CV, et al. Assessment of endothelial damage and cardiac injury in a 641 
mouse model mimicking thrombotic thrombocytopenic purpura. J Thromb Haemost JTH. 642 
2016;14(10):1917-1930. doi:10.1111/jth.13439 643 

48. Salloum FN, Chau V, Varma A, et al. Anakinra in experimental acute myocardial infarction--does 644 
dosage or duration of treatment matter? Cardiovasc Drugs Ther. 2009;23(2):129-135. 645 
doi:10.1007/s10557-008-6154-3 646 

49. Nayki UA, Nayki C, Cetin N, et al. Effect of Kineret® on ovarian ischemia reperfusion injury in a rat 647 
model. J Obstet Gynaecol Res. 2016;42(11):1525-1533. doi:10.1111/jog.13095 648 

50. Hirik E, Suleyman B, Mammadov R, et al. Effect of anakinra, an interleukin one beta antagonist, 649 
on oxidative testicular damage induced in rats with ischemia reperfusion. Rev Int Androl. 650 
2018;16(3):87-94. doi:10.1016/j.androl.2017.03.001 651 

51. Bendele AM, Chlipala ES, Scherrer J, et al. Combination benefit of treatment with the cytokine 652 
inhibitors interleukin-1 receptor antagonist and PEGylated soluble tumor necrosis factor 653 
receptor type I in animal models of rheumatoid arthritis. Arthritis Rheum. 2000;43(12):2648-654 
2659. doi:10.1002/1529-0131(200012)43:12<2648::AID-ANR4>3.0.CO;2-M 655 

52. Kong Q, Wu W, Yang F, et al. Increased Expressions of IL-22 and Th22 cells in the coxsackievirus 656 
B3-Induced mice acute viral myocarditis. Virol J. 2012;9(1):1-10. doi:10.1186/1743-422X-9-232 657 

53. Béranger N, Benghezal S, Savigny S, et al. Loss of von Willebrand factor high-molecular-weight 658 
multimers at acute phase is associated with detectable anti-ADAMTS13 IgG and neurological 659 

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/doi/10.1182/blood.2023021974/2221743/blood.2023021974.pdf by guest on 08 M

ay 2024



24 
 

symptoms in acquired thrombotic thrombocytopenic purpura. Thromb Res. 2019;181:29-35. 660 
doi:10.1016/j.thromres.2019.07.012 661 

54. Gavriilaki E, Anagnostopoulos A, Mastellos DC. Complement in Thrombotic Microangiopathies: 662 
Unraveling Ariadne’s Thread Into the Labyrinth of Complement Therapeutics. Front Immunol. 663 
2019;10:337. doi:10.3389/fimmu.2019.00337 664 

55. May O, Merle NS, Grunenwald A, et al. Heme Drives Susceptibility of Glomerular Endothelium to 665 
Complement Overactivation Due to Inefficient Upregulation of Heme Oxygenase-1. Front 666 
Immunol. 2018;9:3008. doi:10.3389/fimmu.2018.03008 667 

56. Matevosyan K, Sarode R. Thrombosis, Microangiopathies, and Inflammation. Semin Thromb 668 
Hemost. 2015;41(6):556-562. doi:10.1055/s-0035-1556587 669 

57. Hovinga JAK, Heeb SR, Skowronska M, Schaller M. Pathophysiology of thrombotic 670 
thrombocytopenic purpura and hemolytic uremic syndrome. J Thromb Haemost. 2018;16(4):618-671 
629. doi:10.1111/jth.13956 672 

58. Prevel R, Roubaud-Baudron C, Tellier E, et al. Dysfonction endothéliale au cours du Purpura 673 
Thrombotique Thrombocytopénique : un nouvel axe de prise en charge ? Rev Médecine Interne. 674 
2021;42(3):202-209. doi:10.1016/j.revmed.2020.12.011 675 

59. Cauchois R, Muller R, Lagarde M, Dignat-George F, Tellier E, Kaplanski G. Is Endothelial Activation 676 
a Critical Event in Thrombotic Thrombocytopenic Purpura? J Clin Med. 2023;12(3):758. 677 
doi:10.3390/jcm12030758 678 

 679 

  680 

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/doi/10.1182/blood.2023021974/2221743/blood.2023021974.pdf by guest on 08 M

ay 2024



25 
 

Tables 681 

 682 

Table 1 683 

 684 

 

TTP patients 
 

Demographics 

Age in year (IQR) 45 (29-53) 

Male, n (%) 12 (40) 

Laboratory features  

Platelets, G/L (IQR) 13 (9-30) 

Hemoglobin, g/L (IQR) 73 (60-98) 

LDH, IU/L (IQR) 1348 (871-1715) 

Presence of schistocytes, n (%) 30 (100) 

ADAMTS13 activity, % (IQR) 5 (0-5) 

Anti-ADAMTS13 IgG, IU/mL 71 (51-112) 

Clinical features  

Mortality, n (%) 10 (33) 

 

Control patients 

 

Demographics 

Age in year (IQR) 54 (53-58) 

Male, n (%) 5 (50) 

Neurologic disease 

Myasthenia gravis, n (%) 8 (80) 

Acute polyradiculoneuritis, n (%) 2 (20) 

 685 

 686 

Table 1. Demographics, clinical and biological data of the 30 TTP and the 10 control patients (median)  687 
IQR: interquartile range; LDH: lactate deshydrogenase, n: number 688 

  689 
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Figure legends 690 

 691 

Figure 1. IL-1α and β concentrations in the plasma of TTP patients; correlations with troponin 692 
and PS-100b concentrations 693 
(A) IL-1α  and (B) IL-1β plasma levels quantified by ELISA in TTP non-survivors (n=10), TTP survivors 694 
(n=20), TTP remission (n=10) and controls (n=10). IL-1α plasma levels in non-survivors: 6.65[4.39;13.64] 695 
pg/mL, in survivors: 1.72[0.86;4.88]pg/mL, in control: 0.08[0;1.64]pg/mL and in remission: 696 
0.72[0.36;1.19]pg/mL. IL-1β plasma levels in non-survivors: 3.51[3.20;3.93]pg/mL, in 697 
survivors :3.34[3.19;3.45]pg/mL, in control: 2.55[0.87;3.22]pg/mL and in remission 2.31[0.82;3.12]pg/mL. (C) 698 
Correlation between troponin T and IL-1α  or (D) between troponin T and IL-1β plasma levels in TTP patients. 699 
(E) Correlation between PS-100b and IL-1α or (F) between PS-100b and IL-1β plasma levels in TTP patients.  700 
(*P<.05, **P<.01, ***P<.001). 701 
 702 
Figure 2. Dose-response study of anakinra in mouse model of TTP; survival curve at the selected 703 
dose of 100mg/kg 704 
(A) Protocol for dose-response study. (B) PS-100b levels at D3 among the 6 dosage groups. One-Way ANOVA: 705 
P<.001. Multiple comparisons with Dunn’s correction: 100mg/kg/day: 1570[1280;1880]ng/mL vs 10mg/kg/day: 706 
2750[2340;2930]ng/mL, P=0.04 and 1mg/kg/day: 3125[3060;3190] ng/mL, P=0.02. (C) Plasma troponin I 707 
levels at D3 among the 6 dosage groups. One-Way ANOVA: P<.001. Multiple comparisons with Dunn’s 708 
correction: 100mg/kg/day: 2.4[2.1;4.5]ng/mL, 50mg/kg/day: 11.0[10.3;12.3]ng/mL, P=0.003, 25mg/kg/day: 709 
11.6[10.7;12.7]ng/mL, P=0.003, 10mg/kg/day: 19.9[14.7;25.6]ng/mL, P<.001 and 1mg/kg/day: 710 
27.5[26.5;28.5]ng/mL, P<.001. (D) Probability of survival of the 6 dosage groups. Log-rank test: P=0.07. (ns: 711 
P>.05, *P<.05, **P<.01, ***P<.001). (E) Probability of survival of the 4 groups of mice: TTP (VWF+placebo, 712 
n=28), TTP + anakinra (VWF+anakinra 100g/kg, n=14), and two control groups (control [vehicle+placebo], n=5 713 
and anakinra [vehicle+anakinra] 100mg/kg, n=5) (***P<.001). The curves for the two control groups overlap 714 
(no deaths in either group). 715 
 716 

Figure 3. Anakinra reduces TTP-induced myocardial damage 717 
(A) Blood troponin I levels in mice at day 3 for the 4 groups of mice: TTP (VWF+placebo, n=10), 718 
TTP+anakinra (VWF+anakinra, n=10), and two control groups (control [vehicle+placebo], n=5 and anakinra 719 
[vehicle+anakinra], n=5). One-way ANOVA: P<.001. Troponin concentrations in TTP: 720 
21.15[16.50;25.78]ng/mL, control: 0.41[0.24-0.43]ng/mL, anakinra: 0.24[0.14;0.42]ng/mL, and 721 
TTP+anakinra: 4.53[2.26;6.85]ng/mL. (B) Change in fraction shortening in mice between day 0 and day 2 for 722 
the 4 groups of mice: TTP, n=12; TTP+anakinra, n=13, control, n=10 and anakinra, n=10. One-way ANOVA: 723 
P<.001. Change in SF in TTP:-11.8[-18.9;-9.3]%,  controls: -2.8[-12.3;4.4]%, anakinra: -0.8[-1.6;1]% and 724 
TTP+anakinra:-5[-9.5;-2.5]%. (C) Measurement of the shortening fraction on long axis echocardiographic 725 
view. (D) Change in [18F]FDG cardiac uptake between D0 and D2 for the 4 groups of mice: TTP, n=5; 726 
TTP+anakinra, n=6, control, n=6 and anakinra, n=6. (E) Measurement of [18F]FDG cardiac PET signal. One-727 
Way ANOVA: P=0.008. Change in 18F]FDG cardiac uptake in TTP:2.8[2.5;3.5]x10-3%ID/g, control: 0.03[-728 
0.07;0.1]x10-3%ID/g, anakinra 0.8[-0.2;1.2]x10-3%ID/g and TTP+anakinra: 0.9[0,24-1.2]x10-3%ID/g. (F) 729 
Semi-quantitative assessment of myocardial damage in the 4 groups of mice, n=5 for each group. One-way 730 
ANOVA: P<.001; Score in TTP: 5[4;5.88], control: 1[0.56;1.25], anakinra:1[0.8;2.1] and TTP+anakinra: 731 
2.75[2;3.38]. (G) Cardiac histology in HE staining. (*P<.05, **P<0.01, ***P<0.001, ****P<0.0001). 732 
 733 

Figure 4. Anakinra reduces TTP-induced cerebral damage 734 
(A) PS-100b levels at D3 for the 4 groups of mice: TTP (VWF+placebo, n=10), TTP + anakinra 735 
(VWF+anakinra, n=10), and two control groups (control [vehicle + placebo] and anakinra [vehicle + anakinra], 736 
n=5 for both). One-way ANOVA: P<.001; PS100b levels in TTP: 2975[2619;3098]pg/mL, controls: 737 
1080[1075;1085]pg/mL, anakinra 1080[1070;1080]pg/mL and TTP+anakinra: 2035[1558;2018]pg/mL. (B) 738 
Change in [18F]FDG brain uptake in mice between D0 and D2 for the 4 groups of mice: TTP, n=5; 739 
TTP+anakinra; n=6, control; n=6 and anakinra, n=6. One-way ANOVA: P<.001; Change in [18F]FDG brain 740 
uptake in TTP: 1.4[0.99;1.67]x10-3%ID/g, control: 0.25[0.02;0.69]x10-3%ID/g, anakinra: 0.1[0.0;0.3]x10-741 
3%ID/g and TTP+anakinra: 0.1[-0.1;0.09]x10-3%ID/g. (C)Measurement of [18F]FDG brain PET signal. (D) 742 
Change in [99mTc]Tc-DTPA brain uptake between D2 and D0 for the 4 groups of mice: TTP, n=5; 743 
TTP+anakinra, n=6; control, n=6 and anakinra, n=6. One-way ANOVA: P<0.001; Change in [99mTc]Tc-DTPA 744 
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brain uptake in TTP: 16.3[9.89;27.65]x10-5%ID/g, control: 0.72[0.28;1.51]x10-5%ID/g, anakinra: 745 
1.4[0.6;1.8]x10-5%ID/g and TTP+anakinra:3.08[2.06;5.21]x10-5%ID/g. 746 
(E) Measurement of [99mTc]Tc-DTPA brain SPECT signal. (F) Histological assessment of brain ischemic 747 
damage, n=3 for each group. Percentage of healthy Purkinje cells in TTP:44%, controls:65%, anakinra: 70% 748 
and TTP+anakinra 61%. (G) Brain histology in HE staining. (*P<.05, **P<.01, ***P<.001). 749 
 750 
Figure 5. IL-1α and β induce endothelial degranulation and contribute to WVF exocytosis in 751 
TTP 752 
(A) VWF concentrations in cell supernatants after stimulations with IL-1α (10ng/mL), IL-1β (10ng/mL) and 753 
PBS +/- MAPTAM (1µmol/L). Thrombin (4IU/mL) is used as positive control. IL-1α:10.7[8.5-15.5]ng/mL; IL-754 
1β: 10.7[6.6-16.3]ng/mL; PBS: 4.8[1.6-5.6]ng/mL; IL-1α+MAPTAM: 1.2[0.97;1.4]ng/mL; IL-1β+MAPTAM: 755 
0.7[0.23;1.2]ng/mL. (B) VWF concentrations in cell supernatants after stimulations with IL-1 α (10ng/mL), or 756 
(C) β (10ng/mL) for 15, 30 and 60 minutes. (D) Calcium flux after stimulation with IL-1α (10ng/mL), β (10 757 
ng/mL) and PBS during 20 seconds. AUC of IL-1α: 62.2[95%CI: 60.7-63.7]x1010AU, IL-1β: 64.5[95%CI: 63.3-758 
65.7]x1010AU and PBS: 8.0[95%CI: 7.9- 8.2]x1010AU. (E) VWF concentrations in cell supernatants after 759 
stimulations with TTP plasma (1%, n=6), control plasma (1%, n=6) and PBS, +/- anakinra (10µg/L). 760 
TTP:105.0[95.0-140.5]ng/mL and TTP+anakinra: 65.0[53.5-84.5]ng/mL. (F) Calcium flux after stimulations 761 
with TTP plasma (1%), control plasma (1%) and PBS, +/- anakinra (10µg/L) during 20 seconds. AUC of TTP: 762 
13.6[95%CI:12.9-14.2]x1010AU, TTP+anakinra: 5.9[95%CI:5.8-6.1]x1010AU, control 3.4[95%CI:3.3-763 
3.6]x1010AU and control+anakinra :1.4[95%CI:1.3-1.4]x1010AU. (ns: P>.05, *P<.05, **P<.01). 764 
 765 
Figure 6. IL-1 α and β induce TTP in ADAMTS13KO mice 766 
(A) Platelet levels between at H10 in ADAMTS13 KO mice (KO) or wild type (WT) mice injected with IL-1α, β 767 
or PBS (n=5 per group). Two-way ANOVA for genotype: P<.001 and for injected compound: P<.001. Platelets 768 
levels in KO/IL-1α: 205[140;271]G/L, KO/IL-1β: 189[166;246]G/L and KO/PBS: 763[700;995]G/L. (B) VWF 769 
levels between at H10 in ADAMTS13 KO mice (KO) or wild type (WT) mice injected with IL-1α, β or PBS 770 
(n=5 per group). VWF levels in KO/IL-1α: 3040[270;4610]%, KO/IL-1β: 3050[1500;8670]% and KO/PBS: 771 
120[60;130]ng/mL. VWF levels in WT/IL-1α: 180[160;220]ng/mL, WT/IL-1β: 170[140;180]ng/mL and 772 
WT/PBS: 70[50;80]ng/mL. (C) Blood troponin I levels between H0 and H10 in ADAMTS13 KO mice (KO) or 773 
wild type (WT) mice injected with ILα, β or PBS (n=5 per group). Two-way ANOVA for genotype: P<.001 and 774 
for injected compound: P<.001. Troponin I levels in KO/IL-1α: 4.7[4.0;5.3]ng/mL, KO/IL-1β: 775 
5.9[3.5;8.9]ng/mL and KO/PBS: 0.7[0.4;0.9]ng/mL. (D) Semi-quantitative assessment of myocardial damage. 776 
Two-way ANOVA for genotype: P<.001 and injected compound: P=0.008. Scores in KO/IL-1α: 5.0[2.3;6.4], 777 
KO/IL-1β: 3.8[2.5;5.3] and KO/PBS: 1.7[2.5;7.3]. (E) Immunofluorescence measurement of intravascular Von 778 
Willebrand Factor; green = anti-VWF antibodies, blue = DAPI). Two-way ANOVA for genotype: P<.001 and 779 
injected compound: P=0.005. Capillary fluorescence: KO/IL-1 α: 26[25;28]x105UA vs KO/IL-1β: 780 
27[25:29]x105UA and KO/PBS: 20[18;22]x105UA. (ns: P>.05, *P<.05, **P<.01, ***P<.001, ****P<.0001) 781 
 782 
 783 
 784 
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