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Abstract

Background: A disintegrin and metalloprotease with thrombospondin type 1 repeats,

member 13 (ADAMTS-13) is the specific von Willebrand factor–cleaving protease and

circulates in a closed and latent conformation due to a spacer/CUB1 domain interac-

tion. ADAMTS-13 is allosterically activated after binding of its substrate or antibodies,

inducing an open conformation. Recently, we suggested a potential role of plasmin

(fibrinolysin) in hemostasis disorders reported in most patients with hemophagocytic

lymphohistiocytosis (HLH), a rare and life-threatening condition related to a severe

systemic inflammatory state. Most patients with HLH had a partial ADAMTS-13 defi-

ciency, and plasmin could induce a truncation of the C-terminal part of ADAMTS-13

and thus an open conformation.

Objectives: To understand the effect of plasmin on ADAMTS-13, our study aimed to

investigate ADAMTS-13 conformation in patients with HLH.

Methods: Forty-five critically ill patients with HLH were prospectively enrolled be-

tween April 2015 and December 2018. ADAMTS-13 activity was measured by fluo-

rescent resonance energy transfer-VWF73 assay, ADAMTS-13 antigen, and

conformation with our homemade 3H9-enzyme-linked immunosorbent assay and 1C4-

enzyme-linked immunosorbent assay.

Results: ADAMTS-13 activity ranged from <10 to 65 IU/dL, and 41 of the 45 patients

had a quantitative deficiency in ADAMTS-13 (activity <50 IU/dL). Twenty patients had

a severe ADAMTS-13 deficiency (activity <20 IU/dL). ADAMTS-13 conformation was

folded in all patients under normal conditions. Surprisingly, the switch of ADAMTS-13

conformation expected with the monoclonal antibody 17G2 (anti-CUB1) was disturbed

in 6 patients (activity <20 IU/dL).

Conclusion: Our study reported that ADAMTS-13 conformation is closed in HLH and

provides an indirect proof that plasmin is not able to massively degrade ADAMTS-13.

Further studies on glycosylation and citrullination profiles of ADAMTS-13 are needed

to understand their role in HLH.
behalf of International Society on Thrombosis and Haemostasis. This is an open access article under the CC BY-
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Essentials

• Severe hemophagocytic lymphohistiocyt

• ADAMTS-13 phenotype, including its co

• ADAMTS-13 conformation is closed in H

• Our data support an open conformation
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K E YWORD S

ADAMTS-13 protein, fibrinolysin, hemophagocytic, hemophagocytic lymphohistiocytosis,

lymphohistiocytosis, thrombocytopenia, thrombotic microangiopathies, von Willebrand factor
osis (HLH) is linked to coagulation disorders.

nformation, was investigated in 45 patients with severe HLH.

LH, and plasmin is not able to massively degrade ADAMTS-13.

of ADAMTS-13 linked to anti–ADAMTS-13 autoantibodies.
1 | INTRODUCTION

A disintegrin and metalloprotease with thrombospondin type 1 re-

peats, member 13 (ADAMTS-13) is a blood enzyme that controls the

hemostatic power of its substrate von Willebrand factor (VWF), a

large multimeric glycoprotein crucial for platelet adhesion and ag-

gregation at high shear rates of blood flow [1,2]. Hence, by cleaving

VWF ultralarge multimers, ADAMTS-13 prevents the spontaneous

binding of VWF to platelets and, consequently, the formation of

platelet-rich microthrombi in the microvasculature. ADAMTS-13 is a

multidomain heavily glycosylated protein consisting of a metal-

loprotease domain, a disintegrin-like domain, a first thrombospondin

type-1 (TSP-1) repeat, a cysteine-rich domain, a spacer domain, 7

additional TSP-1 repeats, and 2 CUB domains [1,2]. Under physio-

logical conditions, ADAMTS-13 circulates in a closed and latent

conformation due to a self-interaction between its spacer and CUB1

domains [3–6]. When needed, ADAMTS-13 is allosterically activated

after binding to the D4-CK domains of VWF, inducing a transitory

physiological open conformation in which the spacer/CUB1 interac-

tion is abrogated and a cryptic epitope located within ADAMTS-13

spacer domain is consequently exposed [3–6]. The normal range for

ADAMTS-13 activity is >50 IU/dL [7].

ADAMTS-13 functional deficiencies of various degrees are asso-

ciated with miscellaneous diseases. A severe functional deficiency of

ADAMTS-13 (activity <10 IU/dL) is the cause of a unique and rare

thrombotic microangiopathy (TMA) named thrombotic thrombocyto-

penic purpura (TTP) [7–9]. Because of the presence of platelet-rich

microthrombi occluding the microvessels, patients with TTP suffer

from hemolytic anemia, profound thrombocytopenia, and multivisceral

ischemia [7–9]. In TTP, severe ADAMTS-13 deficiency is mostly due

(�80% of all TTP cases) to immunoglobulin G (IgG) autoantibodies

against ADAMTS-13 causing immune TTP (iTTP), very rarely (�5% of

all TTP cases) due to ADAMTS13 gene mutations causing congenital

TTP, and sometimes (�15% of all TTP cases) due to still ununderstood

mechanisms causing TTP of unidentified pathophysiology (uTTP)

[10,11]. Partial functional deficiencies of ADAMTS-13 (activity ranging

from 11 to 49 IU/dL) with no clinical relevance are described as a

bystander of many pathological conditions such as sepsis [12],

disseminated intravascular coagulation (DIC) [13], COVID-19
infection [14], or hemophagocytic lymphohistiocytosis (HLH) [15]. In

some cases, TMA syndrome complicates these conditions; however,

there is no causal link with the partial ADAMTS-13 defect [12–18].

Beyond ADAMTS-13 activity, ADAMTS-13 conformation was

recently shown to be an exciting biological marker for TTP. The

distinction between the closed and open conformation of ADAMTS-

13 in patients’ plasma samples is performed thanks to an original

enzyme-linked immunosorbent assay (ELISA), in which the capturing

antibody is directed against a cryptic epitope of the spacer domain of

ADAMTS-13 [19]. An open conformation of ADAMTS-13, very likely

linked to the presence of ADAMTS-13 autoantibodies, was demon-

strated to be a hallmark of both acute iTTP [19] and subclinical iTTP

[20]. The strong link between ADAMTS-13 autoantibodies and the

open conformation was corroborated by a closed conformation of

ADAMTS-13 in congenital TTP [21], uTTP [11], or other conditions

like sepsis [19] and COVID-19 infections [14].

In a recent study devoted to an exhaustive investigation of he-

mostasis in 45 critically ill patients with secondary HLH, a rare con-

dition in relation with defects in cytotoxic lymphocytes, resulting in

macrophage activation and a cytokine storm [22], we found a partial

deficiency of ADAMTS-13 in 91% of cases (among which half of the

patients had ADAMTS-13 activity levels <20 IU/dL) associated with

decreased ADAMTS-13 antigen levels but not anti–ADAMTS-13 IgG

antibodies [15]. None of our patients with HLH exhibited TMA syn-

drome, which underlines the absence of clinical relevance of

ADAMTS-13 deficiency in this context [15]. However, the mechanism

inducing ADAMTS-13 deficiency in HLH remains unexplained. As

major hyperfibrinolysis was also found in almost all these patients, we

suggested a potential role of plasmin in the degradation of ADAMTS-

13, inducing its partial quantitative deficiency in HLH [15]. Indeed,

ADAMTS-13 is established to be cleaved by plasmin at several sites,

including 2 peptidyl bonds located after the spacer domain [23,24]. In

HLH, we hypothesize that ADAMTS-13 degradation by plasmin could

induce a truncation of its C-terminal part and, consequently, exposure

of its spacer domain and, per se, an open conformation. To test this

hypothesis, the current study aimed to investigate our patients with

HLH by studying ADAMTS-13 conformation. An open conformation

would imply that ADAMTS-13 is massively truncated by plasmin in

HLH and, thus, that anti–ADAMTS-13 autoantibodies are not the only
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factor able to lead to the exposure of the cryptic epitope of the spacer

domain.
2 | METHODS

Patients were prospectively enrolled in Saint-Louis Hospital, Paris,

France (inclusion period April 01, 2015, to December 31, 2018), if

they met the following inclusion criteria: age >18 years, diagnosis of

HLH [22], available medical records, citrated plasma samples, and

informed consent [15]. The project (number 15-008) was approved by

the Institutional Review Board (00006477v) of Hôpitaux Uni-

versitaires Paris Nord, Val-de-Seine, Paris 7 University, Assistance

Publique - Hôpitaux de Paris.

ADAMTS-13 activity was measured using our homemade

fluorescent resonance energy transfer-VWF73 assay (normal range,

50-150 IU/dL) [10]. Murine monoclonal anti–ADAMTS-13 antibodies

(mAb) 3H9, 1C4, and opening 17G2 are directed against the metal-

loprotease, spacer, and CUB1 domains of human ADAMTS-13,

respectively. ADAMTS-13 antigen (normal range, 0.930-1.350 μg/

mL) and conformation were assessed by our homemade 3H9- and

1C4-based ELISA, as previously described [19]. ADAMTS-13 confor-

mation was tested with or without the opening mAb 17G2, and a

conformation index of >0.5 was defined as open ADAMTS-13.

Quantitative parameters were reported as median and IQR.

Continuous variables were compared with the nonparametric

Kruskal–Wallis test as appropriate (GraphPad Prism version 8.4.3).

Statistical significance was set at P < .05.
3 | RESULTS AND DISCUSSION

Forty-five patients with HLH were included in the current study.

Oncohematological malignancies (n = 35; mostly lymphomas), in-

fections (n = 8), or autoimmune diseases (n = 2) were potential un-

derlying triggers of HLH (Table). At diagnosis, median age was 53 ± 15

years (range, 27-77 years), and sex ratio (male-to-female) was 1.6.

Median hemoglobin level was 7.9 g/dL (IQR, 6.9-8.7 g/dL), platelet

count was 46 × 109/L (IQR, 22-65 × 109/L), and fibrinogen level was

2.71 g/L (IQR, 1.63-5.52 g/L) (Table). More detailed clinical and bio-

logical parameters have been reported previously [15].

In this study, we first investigated ADAMTS-13 phenotype.

ADAMTS-13 activity ranged from <10 to 65 IU/dL, without any sig-

nificant difference between the miscellaneous clinical contexts (P =

.8617, not significant) (Figure 1A, Table). Interestingly, although none

of our patients with HLH exhibited any symptoms of TMA, 41 (91%)

had a quantitative deficiency in ADAMTS-13 (activity <50 IU/dL),

including 20 (44%) with an activity lower than 20 IU/dL (Table).

Interestingly, 7 (16%) patients even exhibited an ADAMTS-13 activity

lower than 10 IU/dL, with a context of either oncohematological

malignancy (6 patients) or infectious trigger (1 patient) (Table). Four of

them had bilirubin levels over 100 μmol/L, potentially underestimating

the ADAMTS-13 activity. Bilirubin in hyperbilirubinemic plasma
samples may interfere with the fluorescent resonance energy

transfer-VWF73 assay by acting as a quencher and decreasing

ADAMTS-13 activity [25]. Two of them also had elevated alanine

aminotransferase levels (levels exceeding 4 times the normal range),

suggesting a deficiency in both synthesis and secretion of the prote-

ase. However, decreased ADAMTS-13 antigen levels were detectable

in all patients (median, 0.415 μg/mL; IQR, 0.244-0.573 μg/mL),

allowing the study of ADAMTS-13 conformation for all 45 patients in

a second step (Table). In all patients, ADAMTS-13 conformation was

closed under normal conditions (-mAb 17G2, conformation index

<0.5) (Table, Figure 1B). Surprisingly, the switch of ADAMTS-13

conformation (from closed to open) expected after addition of mAb

17G2 was disturbed in 6 (13%) patients (4 patients with oncohema-

tological malignancy and 2 patients with severe infection) (Figure 1C).

Indeed, the activating mAb 17G2 was not able to open ADAMTS-13

conformation in the 6 patients whose common features were an

ADAMTS-13 activity lower than 20 IU/dL and an ADAMTS-13 antigen

lower than 0.25 μg/mL (Table).

As previously reported in other severe clinical conditions like

sepsis/septic shock, DIC, or COVID-19 infection [12,14], we found

that important quantitative defects of ADAMTS-13 also exist in HLH.

In our patients, however, these defects were unable to induce any

general TMA syndrome or specific TTP symptoms, in contrast to what

can be observed in some extreme cases of septic shock complicated by

DIC and TMA [12,13]. Hence, the latter complex clinical conditions

may sometimes be complicated either by a TTP-like syndrome, an

endotheliopathy with microvascular thrombosis usually occurring in

critically ill patients with severe comorbidities (pathogen, cancer,

transplant, or trauma) and associated with subnormal or normal

ADAMTS-13 activities [26] or by uTTP associated with an ADAMTS-

13 activity lower than 10 IU/dL and no anti–ADAMTS-13 IgG anti-

bodies [11]. While none of our 45 patients with HLH had TMA, the

potential association between HLH and TMA warrants consideration

in some patients with HLH who develop disproportionate anemia,

thrombocytopenia, and lactate dehydrogenase increase or have mul-

tiorgan failure [18]. More specifically, Minoia et al. [16] have recently

suggested the possible coexistence of HLH and TMA in a cohort of 23

children with rheumatic diseases, while Steffen et al. [17] have re-

ported a case of simultaneous HLH and TMA syndrome after parvo-

virus B19 infection in a kidney transplant recipient.

In spite of the absence of clinical relevance of ADAMTS-13

deficiency in our patients with HLH, elucidating the mechanism

explaining ADAMTS-13 defect in such a rare and specific clinical

condition remains of interest. Because hyperfibrinolysis was the main

hemostatic abnormality observed in our patients with HLH [15], it

made sense to focus our study on ADAMTS-13 degradation by

plasmin. It is established that plasmin is able to cleave 3 peptidyl

bonds in ADAMTS-13 between Arg257-Ala258 (metalloprotease

domain), Arg888-Thr889, and Arg1176-Arg1177 (TSP-1 domains),

resulting in a loss of ADAMTS-13 activity (Figure 2) [23,24]. Intra-

molecular disulfide bridges ensure covalent linkage of the fragments

generated by cleavage at Arg257-Ala258 and Arg888-Thr889, while

cleavage at Arg1176-Arg1177 results in removal of the CUB domains



T AB L E Clinical and biological features of 45 patients with hemophagocytic lymphohistiocytosis.

Patient Clinical context

Platelet

count (£ 109/L) Fibrinogen (g/L)

ADAMTS-13

activity (IU/dL)

ADAMTS-13

antigen (μg/mL) CI (¡17G2) CI (þ17G2)

HLH-01 Malignancy 60 3.70 54 0.625 <0.5 1.04

HLH-02 Infection 82 0.60 65 0.692 <0.5 1.11

HLH-03 Malignancy 56 3.55 48 0.654 <0.5 0.96

HLH-04 Malignancy 55 0.99 33 0.449 <0.5 1.00

HLH-05 Infection 58 7.32 11 0.197 <0.5 1.37

HLH-06 Malignancy 6 6.83 8 0.081 <0.5 <0.5

HLH-07 Malignancy 81 2.34 12 0.185 <0.5 0.92

HLH-08 Malignancy 12 4.45 25 0.346 <0.5 1.28

HLH-09 Malignancy 81 7.49 14 0.200 <0.5 0.67

HLH-10 Infection 32 5.64 11 0.202 <0.5 <0.5

HLH-11 Malignancy 43 3.21 9 0.171 <0.5 0.98

HLH-12 Malignancy 19 5.52 9 0.178 <0.5 0.70

HLH-13 Malignancy 27 2.49 38 0.560 <0.5 0.86

HLH-14 Malignancy 63 1.89 3 0.178 <0.5 0.55

HLH-15 Infection 35 3.12 5 0.167 <0.5 <0.5

HLH-16 Malignancy 73 1.10 30 0.461 <0.5 0.69

HLH-17 Malignancy 19 6.65 17 0.244 <0.5 <0.5

HLH-18 AI disease 115 1.86 57 0.723 <0.5 0.98

HLH-19 Malignancy 22 1.91 33 0.545 <0.5 0.75

HLH-20 Malignancy 53 4.83 21 0.370 <0.5 0.76

HLH-21 Malignancy 47 2.70 38 0.629 <0.5 0.69

HLH-22 Infection 74 1.75 26 0.421 <0.5 0.76

HLH-23 Malignancy 50 6.50 39 0.637 <0.5 0.69

HLH-24 Malignancy 21 2.14 29 0.455 <0.5 0.56

HLH-25 Malignancy 57 1.30 51 0.913 <0.5 0.72

HLH-26 Malignancy 18 7.03 22 0.321 <0.5 0.69

HLH-27 Malignancy 17 5.38 4 0.244 <0.5 <0.5

HLH-28 Malignancy 34 8.58 41 0.967 <0.5 0.96

HLH-29 Malignancy 16 3.74 22 0.490 <0.5 0.71

HLH-30 Malignancy 54 1.63 27 0.573 <0.5 0.97

HLH-31 Malignancy 2 1.12 28 0.600 <0.5 0.95

HLH-32 Infection 66 1.60 38 0.581 <0.5 1.10

HLH-33 Infection 39 1.58 19 0.415 <0.5 1.10

HLH-34 Malignancy 168 5.95 31 0.692 <0.5 0.90

HLH-35 Malignancy 10 2.71 16 0.372 <0.5 0.79

HLH-36 AI disease 28 0.80 10 0.271 <0.5 0.93

HLH-37 Malignancy 22 1.20 24 0.549 <0.5 0.89

HLH-38 Malignancy 44 0.99 10 0.277 <0.5 1.02

HLH-39 Malignancy 74 5.87 25 0.463 <0.5 1.14

(Continues)
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T A B L E (Continued)

Patient Clinical context

Platelet

count (£ 109/L) Fibrinogen (g/L)

ADAMTS-13

activity (IU/dL)

ADAMTS-13

antigen (μg/mL) CI (¡17G2) CI (þ17G2)

HLH-40 Malignancy 81 1.75 16 0.409 <0.5 1.19

HLH-41 Malignancy 29 1.59 32 0.489 <0.5 1.06

HLH-42 Malignancy 198 2.03 13 0.262 <0.5 1.05

HLH-43 Malignancy 44 2.94 5 0.143 <0.5 <0.5

HLH-44 Malignancy 46 6.15 12 0.371 <0.5 0.89

HLH-45 Infection 65 2.93 14 0.225 <0.5 1.04

AI, autoimmune; CI, conformation index; HLH, hemophagocytic lymphohistiocytosis; Malignancy, oncohematological malignancy.
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[27]. Our hypothesis was that removal of the CUB domains after

proteolytic inactivation of ADAMTS-13 by plasmin resulted in abro-

gating the spacer/CUB1 interaction and allowing the exposure of the

cryptic epitope of the spacer domain. This sequence should theoreti-

cally lead to the recognition of this cryptic epitope by the mAb 1C4,

translated as an open ADAMTS-13 conformation by ELISA. In

contrast, all 45 patients with HLH exhibited a closed ADAMTS-13

conformation at baseline (before addition of the opening mAb

17G2), suggesting that the CUB domains had not been truncated.
F I GUR E 1 Investigations of ADAMTS-

13 activity and conformation (without/with

monoclonal antibody 17G2) in 45 patients

with hemophagocytic lymphohistiocytosis.

Each patient is represented by a dot. The

continuous lines indicate median values. All

parameters were measured in plasma

samples of 45 patients with hemophagocytic

lymphohistiocytosis (35 oncohematological

malignancies, 8 infections, and 2

autoimmune diseases). (A) ADAMTS-13

activity was measured using the reference

method fluorescent resonance energy

transfer-VWF73. No significant differences

were reported between groups. (B and C)

ADAMTS-13 conformation was performed

using 1C4-ELISA (B) without or (C) with the

activating murine monoclonal anti–

ADAMTS-13 antibody 17G2. A

conformation index <0.5 corresponds to a

closed ADAMTS-13 (shown as ● in the

figures), while a conformation index >0.5

corresponds to an open ADAMTS-13 (shown

as ○ in figures). The dotted line

(conformation index = 0.5) indicates the

cutoff value between closed and open

ADAMTS-13. Hemophagocytic

lymphohistiocytosis is associated with a

folded ADAMTS-13 conformation under

normal conditions (−17G2, conformation

index <0.5). Surprisingly, ADAMTS-13

conformation remained folded after addition

of the activating 17G2 in 6 patients.
Another option is that a conformational change occurred in the spacer

domain (after truncation of the CUB domains or another effect

induced by plasmin) and modified the cryptic epitope, making it

unrecognizable by the mAb 1C4. As ADAMTS-13 conformation was

able to switch open after addition of mAb 17G2 (anti-CUB1 domain)

in 39 of the 45 patients with HLH, the hypothesis of truncation of the

C-terminal part of ADAMTS-13 by plasmin finally remains unlikely.

Here, we suggest that the reduced activity of ADAMTS-13 observed

in the patients with HLH is due to changes in the glycosylation or



F I GUR E 2 Cleavage sites of ADAMTS-13 by plasmin and targets of murine monoclonal anti–ADAMTS-13 antibodies: (A) unfolded and

open ADAMTS-13, (B) folded and closed ADAMTS-13. ADAMTS-13 consists of several domains: a metalloprotease domain (M), a disintegrin-

like domain (D), a first thrombospondin type (TSP)-1 repeat (T1), a cysteine-rich domain (C), a spacer domain (S), 7 additional thrombospondin

type-1 repeats (T2-T8), and 2 CUB domains. The C-terminal part of ADAMTS-13 also contains 3 linker regions located between T2 and T3, T4

and T5, T8 and CUB1, which introduce a lot of flexibility in the protease. ADAMTS-13 normally circulates in a closed conformation where

spacer and T8-CUB2 domains interact. The fibrinolytic enzyme plasmin is able to cleave 3 peptidyl bonds in ADAMTS-13 between Arg257-

Ala258, Arg888-Thr889, and Arg1176-Arg117. Murine monoclonal anti–ADAMTS-13 antibodies 3H9, 1C4, and 17G2 are directed against the

M, spacer (cryptic epitope accessible only in the open conformation), and CUB1 domains of ADAMTS-13, respectively.
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citrullination profile of ADAMTS-13. First, glycosylation plays an

important role in many processes, such as protein folding, function, or

clearance. ADAMTS-13 is heavily glycosylated, and glycosylation of

TSP1-2, TSP1-4, and CUB domains is a known modulator of ADAMTS-

13 conformation [28]. Second, during citrullination, positively charged

arginine residues are deiminated by peptidylarginine deiminase type

IV to generate neutral citrulline [29,30]. Peptidylarginine deiminase

type IV is known to reduce and modulate ADAMTS-13 activity

[29,30]. Surprisingly, in 6 of the 45 patients, however, mAb 17G2 was

unable to induce an opening of ADAMTS-13. The epitope structure of

mAb 17G2 and the mechanism by which it regulates ADAMTS-13

activity are still unknown [19]. To understand why 17G2 was not

able to open ADAMTS-13 conformation in 6 patients with HLH, we

suggest either changes in the glycosylation or citrullination profile of
ADAMTS-13 or a polymorphism in the 17G2 epitope in the CUB1

domain that could abrogate binding of 17G2. Thus, these biochemical

and structural changes of plasma ADAMTS-13 could modify the

epitope of the 17G2 and contribute to the interaction of ADAMTS-13

spacer/CUB domains. In order to demonstrate the involvement of

glycosylation and citrullination in our 6 patients with a closed

conformation of ADAMTS-13 despite the addition of mAb17G2, we

are currently identifying the epitope of mAb17G2.

This study has 2 main strengths: the large number of patients with

HLH enrolled and the innovative exploration of ADAMTS-13 confor-

mation. However, some limitations of this study are based on the

selection of patients who had mainly an oncohematological malig-

nancy associated with HLH due to Saint-Louis Hospital specificity and

on plasma sampling limited at the time of enrollment.
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4 | CONCLUSION

To conclude, using the original tool of ADAMTS-13 conformation ELISA,

our study shows that ADAMTS-13 conformation is mostly closed in

HLH. First, this observation provides indirect proof that plasmin is un-

likely to massively degrade ADAMTS-13 in HLH despite the important

hyperfibrinolytic process present in this condition. Second, hypothetic

HLH-induced change in the glycosylation/citrullination profile of

ADAMTS-13 may modify ADAMTS-13 metabolism (reduced activity,

defective synthesis, consumption by VWF, and accelerated clearance,

among others) and be responsible for quantitative deficiency. Further

investigations of the ADAMTS-13 glycosylation profile and citrullination

are warranted to clarify their role in HLH-related ADAMTS-13 defi-

ciency and to potentially identify new therapeutic targets. Last but not

least, this study reinforces the position of ADAMTS-13 open confor-

mation as a witness of the presence of ADAMTS-13 autoantibodies and

as an early and pathognomonic marker for iTTP [31].
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