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e An open ADAMTS13

Immune-mediated thrombotic thrombocytopenic purpura (iTTP) is caused by an
autoantibody-mediated deficiency in ADAMTS13. In healthy individuals, ADAMTS13 has a

conformation is a
novel biomarker for
iTTP and is induced
by anti-ADAMTS13
autoantibodies.

The autoantibodies
against the CS region
play an important role
in the appearance of
an open ADAMTS13
conformation.

folded conformation in which the central spacer (S) domain interacts with the C-terminal
CUB domains. We recently showed that ADAMTS13 adopts an open conformation in iTTP
and that patient immunoglobulin G antibodies (IgGs) can open ADAMTS13. Anti-
ADAMTS13 autoantibodies in patients with iTTP are directed against the different
ADAMTS13 domains, but almost all patients have autoantibodies binding to the cysteine/
spacer (CS) domains. In this study, we investigated whether the autoantibodies against
the CS and CUB domains can disrupt the S-CUB interaction of folded ADAMTS13, thereby
opening ADAMTS13. To this end, we purified anti-CS and anti-CUB autoantibodies from
13 patients with acute iTTP by affinity chromatography. The successfully purified anti-CS
(10/13 patients) and anti-CUB (4/13 patients) autoantibody fractions were tested further in
our ADAMTS13 conformation enzyme-linked immunosorbent assay to study whether
they could open ADAMTS13. Interestingly, all purified anti-CS fractions (10/10 patients)
were able to open ADAMTS13. On the other hand, only half of the purified anti-CUB frac-
tions (2/4 patients) opened ADAMTS13. Our finding highlights that anti-CS autoantibodies
that open ADAMTS13 are a common feature of the autoimmune response in iTTP.

Introduction

Immune-mediated thrombotic thrombocytopenic purpura (iTTP) is a rare, but life-threatening, thrombotic
microangiopathy caused by an autoantibody-induced deficiency of the enzyme ADAMTS13."? Because
ADAMTS13 is required to cleave its substrate von Willebrand factor (VWF) into smaller multimers, inhibi-
tion and/or clearance®* of ADAMTS13 by autoantibodies leads to accumulation of ultra-large VWF in
the circulation. These ultra-large VWF multimers can spontaneously bind platelets, causing the formation
of microthrombi.>®

ADAMTS13 is composed of multiple domains: a metalloprotease domain (M), a disintegrin-like domain
(D), a first thrombospondin type-1 repeat (T1), a cysteine-rich domain, a spacer (S) domain, 7 additional

Submitted 13 April 2021; accepted 20 July 2021; prepublished online on Blood
Advances First Edition 24 September 2021; final version published online 8 November
2021. DOI 10.1182/bloodadvances.2021004971.

Data sharing requests should be sent to Karen Vanhoorelbeke (karen.
vanhoorelbeke@kuleuven.be).

© 2021 by The American Society of Hematology. Licensed under Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0),
permitting only noncommercial, nonderivative use with attribution. All other rights
reserved.

4480 9 NOVEMBER 2021 - VOLUME 5, NUMBER 21

1202 JoquianoN 0g o 1sanb Aq Jpd-| 165001 Z0ZAPESSOUBADE/, ZE€8 /08 /| Z/S/1pd-ajoie/seoueApepoolq/Bio°suonegndysey/:dny wouy papeojumoq


mailto:karen.vanhoorelbeke@kuleuven.be
mailto:karen.vanhoorelbeke@kuleuven.be
https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode
https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode
https://crossmark.crossref.org/dialog/?doi=10.1182/bloodadvances.2021004971&domain=pdf&date_stamp=2021-11-08

Table 1. Overview of the purified anti-CS and anti-CUB autoanti-
bodies from 13 iTTP patients

Antibody concentration (ug/mL)

Patient code ID

Anti-CS

Anti-CUB

MF-KB-TTPO1-A
MF-KB-TTP02-A
MF-KB-TTP03-A
MF-KB-TTP05-A
MF-KB-TTP09-A
MF-KB-TTP10-A
MF-KB-TTP11-A

I o M m o O W >

MF-KB-TTP12-A
I MF-KB-TTP13-A
J MF-KB-TTP15-A
K MF-KB-TTP17-A

L MF-KB-TTP18-A
M MF-KB-TTP20-A

Patient code, patient ID, and the antibody concentration (ng/mL) of the anti-CS or anti-
CUB autoantibodies after purification using CS- or CUB-affinity chromatography,
respectively. Antibody concentrations were measured via spectrophotometry at optical
density 280 nm (ODygo nm). Green or purple boxes indicate that autoantibodies were
eluted from the CS- or CUB-affinity column, respectively, and that they consisted of anti-
CS or anti-CUB autoantibodies because they showed specific binding to CS or CUB,
respectively, in ELISA (Figure 1A-B), with the exception of the anti-CUB autoantibody
fraction of patient F (*), which also recognized T2-T8 (Figure 1B). This anti-CUB
autoantibody fraction was not studied further. Gray boxes indicate that no autoantibody
was eluted from the CS- or CUB-affinity column (Figure 1A-B).

thrombospondin type-1 (T2-T8) repeats, and 2 CUB (CUB1-2)
domains.® Epitope mapping of ant-ADAMTS13 autoantibodies in
patients with iTTP revealed that the immune response is polyclonal
and that almost all patients have autoantibodies against the cysteine/
spacer (CS) domains.®>”"" In healthy individuals, ADAMTS13 circu-
lates in a folded conformation in which the central S domain interacts
with the C-terminal CUB domains.'®'® We recently showed that
ADAMTS13 adopts an open conformation in patients with iTTP and
identified open ADAMTS13 as a novel biomarker for iTTP.'*"® This
open conformation is characterized by a disrupted S-CUB interaction
and an exposed cryptic epitope in the S domain.'®'® An ADAMTS13
conformation enzyme-linked immunosorbent assay (ELISA), based on
our murine monoclonal antibody 1C4 that specifically recognizes the
cryptic epitope in the S domain, allows detection of open
ADAMTS13 in iTTP plasma but not folded ADAMTS13 in healthy
donor plasma.'® Addition of purified immunoglobulin G antibodies
(IgGs) from patients with iTTP to healthy donor plasma changed the
conformation of folded ADAMTS13 to an open conformation.'®

In this study, we investigated whether the anti-ADAMTS13 autoanti-
bodies against the CS or CUB domains can disrupt the S-CUB
interaction of folded ADAMTS13, thereby inducing an open
ADAMTS13 conformation. Therefore, anti-CS and anti-CUB autoan-
tibodies were purified from 13 patients with iTTP and tested using
our ADAMTS13 conformation ELISA.

Methods
Purification of IgGs from plasma

We selected 13 iTTP plasma samples from our previous patient
cohort'®'®'® in which we showed that their plasma contained open
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ADAMTS13" and that their purified IgGs could open
ADAMTS13."® For this study, IgGs were again purified from 2 mL
of citrated plasma from these 13 patients with acute iTTP using Pro-
tein G Sepharose 4 Fast Flow (GE Healthcare, Waukesha, WI) col-
umn chromatography, according to the manufacturer's instructions.
IgGs from 9 healthy donors'® were also purified. The study protocol
was approved by the Ethics Committees of Marseille, France (Projet
National de Recherche Clinique 2007, no. 2007/23) and KU Leu-
ven, Belgium (no. S260220). Written informed consent was
obtained from each plasma donor in accordance with the Declara-
tion of Helsinki.

Purification of specific anti-CS and anti-CUB
autoantibodies

Specific anti-CS and anti-CUB autoantibodies were purified from
the total IgGs of the 13 patients with acute iTTP by affinity chroma-
tography. Therefore, the recombinant CS and CUB domains, both
fusion proteins with albumin domain 1 (AD1; AD1-CS'® and
AD1-CUB1-2"°), were coupled to cyanogen bromide—activated
Sepharose 4B beads (GE Healthcare, Chicago, IL), according to
the manufacturer's instructions. Approximately 10 mg of the individu-
ally purified IgGs was loaded onto the CS- or CUB-affinity columns.
After washing with 15 column volumes of phosphate-buffered
saline, bound antibodies were eluted with 100 mM glycine (pH 2.6)
and collected in 1 M Tris-HCI (pH 10). A microtiter plate coated
with CS or CUB (2.5 pg/mL) was incubated with the respective elu-
tion fractions (1:5 diluted). Bound antibodies were detected with
horseradish peroxidase (HRP)-labeled polyclonal goat anti-human
(Fc-specific) IgGs (1/10000; Sigma-Aldrich, St. Louis, MO). The
colorimetric reaction was initiated by addition of O-phenylenedi-
amine and Hy,O, and stopped with 4 M sulfuric acid. The absor-
bance was measured at 492 nm (optical density at 492 nm
[OD4gs nml). Peak fractions were pooled and dialyzed against
phosphate-buffered saline, and the concentration was measured via
spectrophotometry. The specificity of the purified anti-CS or anti-
CUB autoantibodies was evaluated further using ELISA. Autoanti-
bodies purified against CS were diluted to 25 pg/mL and tested on
coated CS and MDT (AD1-MDT'®) (2.5 pg/mL). Autoantibodies
purified against CUB were tested for binding to coated CUB and
T2-T8 (AD1-T2-T8"%) (2.5 ug/mL). IgGs purified from 9 healthy
donors were used to determine the background (mean OD + 3
standard deviations). Detection of bound antibodies and colorimetric
development were performed as described above.

Identification of opening anti-ADAMTS13
autoantibodies

The purified anti-CS and anti-CUB autoantibodies were tested in
the ADAMTS13 conformation ELISA that was based on our murine
monoclonal antibody 1C4 that specifically recognizes the cryptic
epitope in the S domain (1C4-ELISA), as described previously.'>'®
Briefly, a 96-well microtiter plate was coated (5 pg/mL) with 1C4.
The purified anti-CS or anti-CUB autoantibody fractions (30 pL)
were individually preincubated with normal human plasma (NHP;
final dilution 1:8) and transferred to the 1C4-coated plate. The pres-
ence of bound open ADAMTS13 was detected by addition of the
biotinylated murine monoclonal antibody 3H9'” (1.5 pg/mL), fol-
lowed by HRP-labeled high-sensitivity streptavidin (1:10 000; Invitro-
gen, Carlsbad, CA). A twofold dilution series of NHP, preincubated
with 2.5 pg/mL murine opening anti-CUB1 antibody 17G2,'*'®
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Figure 1. The presence of anti-CS autoantibodies that open ADAMTS13 is a common feature of the autoimmune response in patients with iTTP. (A-B) IgG
fractions from 13 patients with acute iTTP were purified against CS (A) and CUB (B) using affinity chromatography. The specificity of the purified autoantibody fractions
against CS (A) or CUB (B) was tested, using ELISA, on coated CS (light green) and MDT (orange) (A) and CUB (lavender) and T2-T8 (red) (B). Bound autoantibodies
were detected using HRP-labeled polyclonal goat anti-human (Fc-specific) IgGs. Data are shown as the residual OD value that was calculated by subtracting the OD value
of the sample on the fragment of interest (CS, MDT, CUB, or T2-T8), with the mean OD + 3 SD value of the binding of purified IgGs of 9 healthy donors to the correspond-
ing fragment. Anti-CS (A) or anti-CUB (B) autoantibody fractions were used for further analysis if the residual OD value of the sample on CS(A, light green) or CUB (B, lav-
ender), respectively, was positive, whereas the residual OD of binding to the other ADAMTS13 domains (MDT (A, orange) or T2-T8 (B, red)) was <50% of the binding to
CS (A, light green) or CUB (B, lavender). Hence, only the anti-CUB autoantibody fraction from patient F was not used further. The anti-CS autoantibody fractions isolated
from 10 patients (C) and the anti-CUB autoantibody fractions isolated from 4 patients (D) were individually preincubated with NHP containing closed ADAMTS13 and
tested, using 1C4-ELISA, to investigate which autoantibodies could open ADAMTS13. Data are expressed as the mean Cl = SD (n = 3). A mean Cl = 0.50 (filled circle)
represents closed ADAMTS13, whereas a mean Cl > 0.50 (open circle) represents open ADAMTS13.'®16

was added as a reference. The conformation index (Cl) was calcu- (Table 1). Purified anti-CS and anti-CUB autoantibody fractions
lated by normalizing the ODggo ,m of the sample to the mean were specific for CS and CUB because they recognized CS and
ODy4go nm of the reference (ie, NHP [final dilution 1:8] preincubated CUB, respectively, in ELISA, whereas little to no binding to MDT
with 2.5 pg/mL 17G2).'>'® or T2-T8, respectively, was observed (Figure 1A-B). The anti-
CUB autoantibody fraction from patient F, which also recognized
. . T2-T8 well (Figure 1B), was considered not specific and was not
Results and discussion reetod fohor P
To investigate whether anti-CS or anti-CUB autoantibodies
can disrupt the S-CUB interaction in folded ADAMTS13, we
isolated anti-CS and anti-CUB autoantibodies from 13
patients with iTTP using CS- and CUB-affinity chromatography,
respectively.

To investigate whether the purified anti-CS and anti-CUB auto-
antibodies can open the closed conformation of healthy donor
ADAMTS13, purified anti-CS and anti-CUB autoantibodies were
incubated with NHP, and the conformation of ADAMTS13 was
tested in our ADAMTS13 conformation ELISA. Interestingly, the
We first isolated the total IgGs from the plasma of 13 patients purified anti-CS autoantibody fraction from all patients opened
with iTTP. Next, IgGs were loaded on a CS- or CUB-coupled ADAMTS13 (Figure 1C; 10/10). In contrast, only half of the
affinity column. Anti-CS and anti-CUB autoantibodies were suc- purified anti-CUB autoantibody fractions opened ADAMTS13
cessfully purified from 10 and 4 of the 13 patients, respectively (Figure 1D; 2/4).
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Hence, our data show that the S-CUB interaction in folded
ADAMTS13 can be disrupted by anti-CS and anti-CUB autoanti-
bodies isolated from patients with iTTP, leading to exposure of the
1C4 cryptic epitope in the S domain. However, our data show that
particularly anti-CS autoantibodies have the capacity to open
ADAMTS13. This finding is in line with the observation that open
ADAMTS13 is a biomarker for iTTP'®'® and that almost all patients
with {TTP (80-90%) have anti-CS autoantibodies.®>”"" Our finding
that some purified anti-CUB autoantibody fractions could also open
ADAMTS13 could explain the presence of open ADAMTS13
in the few patients with iTTP who had undetectable anti-CS
autoantibodies.

In conclusion, we showed that all anti-CS autoantibodies and
some anti-CUB autoantibodies isolated from patients with iTTP
can open the ADAMTS13 conformation. The presence of anti-
CS autoantibodies inducing an open ADAMTS13 conformation
can be recognized as a common feature of the autoimmune
response in iTTP.
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