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Abstract

Background: Thrombotic thrombocytopenic purpura (TTP) is a life-threatening
thrombotic microangiopathy (TMA) caused by a severe functional deficiency in
ADAMTS13 (a disintegrin and metalloprotease with thrombospondin type | re-
peats-13), the specific von Willebrand factor (VWF) cleaving protease. ADAMTS13
activity is essential to diagnose TTP but remains challenging to assess, as reference
ADAMTS13 activity assays are manual and time consuming. Current techniques also
lack robustness in low detectable ADAMTS13 activity range, which could prove
problematic for therapy-driven monitoring.

Objectives: The HemosIL AcuStar ADAMTS13 activity assay is a fast, automated
chemiluminescent assay, the performance of which remains to be evaluated prospec-
tively on very large cohorts of patients with TMA and in real-life conditions.
Patients and Methods: Our study was conducted over two successive sequences: a
retrospective evaluation followed by a “real-life” prospective evaluation. Overall, we
evaluated the HemosIL AcuStar ADAMTS13 activity assay on 539 citrated plasma
samples. We extensively studied linearity, limit of detection, contamination, intra-
assay and interassay precisions with a specific focus on levels < 25 IU/dL. Diagnostic
performances for the detection of < 10 IU/dL ADAMTS13 activity and overall
method comparison were conducted with the fluorescence resonance energy trans-
fer (FRETS)-VWEF73 assay as the reference method.

Results: Technical performance proved excellent. Robustness in low detectable
ADAMTS13 activity range was good, potentially qualifying this assay for therapy-
driven monitoring. Comparison with the FRETS-VWF73 assay was satisfactory
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(r* = .83, P < .0001) as were the diagnostic performances for acute-phase TTP (speci-
ficity, 99.7%; positive predictive value, 99.2%).

Conclusion: The HemoslL AcuStar ADAMTS13 activity assay is a fast, reliable, auto-
mated technique well adapted as a first-line ADAMTS13 activity assay for TTP diag-

ADAMTS13 protein, biological monitoring, chemiluminescent assay, diagnosis, thrombotic

e ADAMTS13 (a disintegrin and metalloprotease with thrombospondin type | repeats-13) measurement is crucial for diagnosis and follow-up

of thrombotic thrombocytopenic purpura.

e The HemoslL AcuStar ADAMTS13 activity assay is a fully automated rapid quantitative immunoassay.
e The HemosIL AcuStar ADAMTS13 activity assay was compared to FRETS-VWF73 using 539 plasma samples.

o Analytical and diagnostic performances of the HemoslL AcuStar ADAMTS13 activity were excellent.

1 | INTRODUCTION

Thrombotic thrombocytopenic purpura (TTP) is a rare life-threaten-
ing thrombotic microangiopathy (TMA) defined by peripheral throm-
bocytopenia, mechanical hemolytic anaemia, and visceral ischemia
caused by a severe functional deficiency (<10 IU/dL) in ADAMTS13
(a disintegrin and metalloprotease with thrombospondin type | re-
peats-13), the specific von Willebrand factor (VWF) cleaving pro-
tease.k? TTP is mostly an adult acquired disease (acquired TTP
[aTTP]) mainly mediated by anti-ADAMTS13 autoantibodies.®*
Much less frequently, a severe functional deficiency in ADAMTS13
can also be inherited through mutations in the ADAMTS13 gene lead-
ing to congenital TTP, also called Upshaw-Schulman syndrome (USS)
5 In more than half of the cases, aTTP is an idiopathic disease, but it
can also be associated with underlying situations such as infections,
autoimmune disorders, malignancies, pregnancy, or grafts.>¢? TTP
is a chronic disease with acute phases interspersed with periods of
clinical remissions that can vary widely in duration and marked by
the risk of unpredictable relapses.’®! Patients with TTP must there-
fore undergo a lifetime of surveillance.

The cornerstone of TTP treatment is ADAMTS13 replacement

)'2 in association with immu-

13,14

therapy through plasma exchange (PEX
nomodulating drugs such as corticosteroids>** and rituximab.1>*¢
Caplacizumab is an anti-VWF A1 domain nanobody targeting spe-
cifically the interaction between VWF A1 domain and platelet gly-
coprotein Iba'” and blocking the formation of new microthrombi. It
recently emerged as a novel strategy in association with PEX and
immunomodulating agents for the treatment of acute-phase TTP.
Results from the multicenter studies TITAN!® and HERCULESY
evaluating its efficacy showed a clear superiority compared to pla-
cebo in terms of reduction of exacerbations, and caplacizumab could

join PEX and immunomodulating agents as the first-line treatment

for TTP. While TTP is a chronic disease, no long-term treatment is
currently recommended, and long-term management is based on
surveillance.

ADAMTS13 activity is a key parameter that drives both diagnosis
and therapeutic course of action. Differential diagnosis of TTP with
other TMAs can be uncertain, and the diagnosis of acute-phase TTP
can be ascertained only by documenting an undetectable (<10 U/
dL) ADAMTS13 activity, a specific feature that TTP does not share
with other TMAs.2> ADAMTS13 activity monitoring is also recom-
mended during initial management to demonstrate the recovery of
ADAMTS13 activity defining biological remission. During follow-up,
TTP patients in remission must be regularly monitored to detect any
downslope of ADAMTS13 activity 22, It is generally accepted that
an ADAMTS13 activity < 10 IU/dL indicates need for preemptive
therapy to prevent clinical relapses with a favorable risk-benefit bal-
ance.! Finally, during the acute phase, caplacizumab-driven therapy
guidelines call for frequent ADAMTS13 activity monitoring %24,
ADAMTS13 activity is therefore a crucial tool for both initial diagno-
sis and follow-up of TTP.

Ever since the unraveling of TTP pathophysiology, several
ADAMTS13 activity assays have been reported. They all share a sim-
ilar principle, using an exogenous substrate (either full-length VWF
or VWF peptide comprising the cleavage site by ADAMTS13) whose
degradation products after cleavage by ADAMTS13 are secondarily
detected and measured by different methods?>?’: These include SDS
agarose electrophoresis and immunoblotting or western blot,???
collagen binding,%® ristocetin cofactor activity,®* immunoradiomet-

33-35

ric assay,32 chromogenic assay, or mass spectrometry.36 Kokame

et al®’

described in 2005 the fluorescence resonance energy transfer
(FRETS)-VWEF73 assay, using fluorescence as a means of detection of
ADAMTS13 degradation products, which is now the gold standard for

the measurement of ADAMTS13 activity. Most methods share the
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common drawbacks of being manual and time consuming with, for
all techniques except chromogenic assays, the added difficulty of re-
quiring extensive technical expertise, which does not allow for wide
around-the-clock availability. Chromogenic assays are flawed by un-
explained discrepancies that prevent them from becoming reference
methods.>3%> Moreover, analytical interferences and a lack of robust-
ness within the low detectable ADAMTS13 activity range (< 25 1U/dL)
further complicates adequate ADAMTS13 deficiency diagnosis and
follow-up.

A new fully automated fast ADAMTS13 activity assay could allow
for more rapid adequate diagnosis. The HemosIL AcuStar ADAMTS13
activity assay (Instrumentation Laboratory, Bedford, MA, USA) is a
novel, fully automated chemiluminescent technique recently devel-
oped.3® Plasma samples are incubated with magnetic particles coated
with VWF73, the minimal fragment of VWF required for ADAMTS13
binding and cleavage. After magnetic separation and wash, an isolu-
minol-tagged monoclonal antibody® specifically binds to the cleaved
peptide produced by ADAMTS13 and a second incubation occurs. After
a final magnetic separation and wash, the chemiluminescent reaction
is triggered by specific reagents, and the emitted light is measured
in relative light units by the ACL AcuStar analyzer (Instrumentation
Laboratory). In this chemiluminescent assay, ADAMTS13 activity is
proportional to the emitted light. The HemosIL AcuStar ADAMTS13
activity assay has been successfully evaluated by other teams*0-42
on 176, 24, and 38 samples. We sought to further evaluate this new
method by comparing its diagnostic performances compared to our
in-house FRETS-VWF73 assay on a larger cohort of patients with
TMA tested both retrospectively from a biobank and prospectively in
“real-life” conditions. We also performed a specific focus on the low
detectable range of ADAMTS13 activity (0-25 IU/dL) to evaluate the
performance of the HemosIL AcuStar ADAMTS13 activity assay in the
therapy-driven monitoring during follow-up.

2 | MATERIALS AND METHODS

2.1 | HemoslL AcuStar ADAMTS13 activity assay
analytic performances

Limit of detection and linearity were determined by serial dilu-
tions of a known TTP plasma sample (ADAMTS13 activity < 10 U/
dL with FRETS-VWF73 assay) in normal plasma previously heated
at 56°C for 2 hours and therefore devoid of ADAMTS13 activity
(tested < 0.2 1U/dL).

Inter- and intra-assay precisions were calculated using internal
quality controls (IQCs) and selected patient samples at critical lev-
els. Interassay precision was determined using IQC targeting 90 1U/
dL and 30 IU/dL of ADAMTS13 activity provided by the manufac-
turer (Instrumentation Laboratory), tested over 51 runs, and using
a known TTP plasma sample (ADAMTS13 activity < 10 1U/dL with
FRETS-VWF73 assay) tested over 16 runs. Intra-assay precision was
assessed by repeating 10 times the assay using CRYOCHECK 1QC
(Abnormal and Normal Reference Controls CRYOCHECK, Cryopep,

reth“ | e

research & practic

e
hrombosis & haemostasis

Montpellier, France) targeting 49 IU/dL and 102 IU/dL of ADAMTS13
activity, and by repeating four times 18 distinct plasma samples from
the TMA Biobank (see below) chosen to represent the set of values
between 0 and 25 1U/dL of ADAMTS13 activity. Inter- and intra-as-
say coefficients of variability (CVs) were calculated for each set of
values by dividing the standard deviation by the mean.

Contamination was checked by testing a normal sample (pre-
tested; ADAMTS13 activity was 100 1U/dL) and a TTP sample
(pretested; ADAMTS13 activity was < 0.2 1U/dL): The TTP sample
testing was immediately followed by a repetition of three testings of
the normal sample, which was immediately followed by a repetition
of two testings of the TTP sample.

Also, to study potential analytical interferences, we studied 11
samples autofluorescent with the FRETS-VWF73 assay: Samples are
autofluorescent with FRETS-VWF73 when a very strong fluorescent
signal compared to the calibrant is picked from the very start of the
reading, which makes ADAMTS13 activity uninterpretable. Finally,
8 hemolyzed samples, 3 icteric samples, 5 lactescent samples, 1 he-
molyzed and lactescent sample, and 1 icteric and lactescent sample
were also tested.

2.2 | Study design and blood samples

The study was designed in two successive sequences to evaluate
the HemosIL AcuStar ADAMTS13 activity assay on a total of 539
citrated plasma samples. First, we performed a retrospective evalu-
ation using 316 samples stored at -80°C between January 1, 2015,
and December 31, 2019, in the biobank of the French National
Reference Center for TMA (CRB-LRB, biobank BB-0033-00 064 cer-
tified NFS 96-900, Lariboisiére Hospital, APHP.Nord, Paris, France).
As a reminder, since 2000, all patients with a presumptive diagnosis
of TMA (defined as the presence of microangiopathic hemolytic ane-
mia with hemoglobin level < 12 g/dL and thrombocytopenia < 150
x 10%/L with or without ischemic manifestations) were prospec-
tively enrolled in the registry of the National Reference Center for
TMA (Health Ministry National Plan for Rare Diseases) and inves-
tigated for ADAMTS13 in the central French reference laboratory
for ADAMTS13 for diagnostic purposes.® Second, we performed a
prospective evaluation of 223 consecutive samples (either fresh or
frozen at -80°C for a maximum of 3 days) tested in “real-life” condi-
tions from January 1 to April 30, 2020.

In addition to this study performed exclusively on plasma sam-
ples, an ancillary study was conducted with plasma and serum
couples obtained from the same blood collection of 100 distinct
patients: 49 from the retrospective evaluation and 51 from the pro-

spective evaluation.

2.3 | Blood collection and ethics

Venous blood was either collected into 1:10 final volume of

3.8% sodium citrate or into a serum tube without clot activator,
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centrifuged at 3200 g for 20 minutes. Plasma or serum was then
aliquoted and frozen at -80°C and thawed 5 minutes at 37°C be-
fore testing.

Written informed consent was obtained from all patients ac-
cording to the Declaration of Helsinki. The study was approved
by the Ethics Committee of Hospital Pitié-Salpétriére (Paris.
France). The study is registered at www.clinicaltrials.gov as number
NCT00426686, at the Health Authority and by the French Ministry
of Health as number P051064/PHRC AOMO05012.

2.4 | ADAMTS13 activity assays

Reference ADAMTS13 activity was assessed in the context of

care using our in-house FRETS-VWF73 assay®*®

|37

adapted from
Kokame et al®’ using commercial recombinant FRETS-VWF73 pep-
tide (Peptide Institute, Ibaraki, Japan) and standardized against the
World Health Organization International Standard.** Normal range
is between 50 IU/dL and 150 IU/dL.

An interference known as autofluorescence can prevent
ADAMTS13 measurement by FRETS-VWF73 assay: for those sam-
ples, ADAMTS13 activity was assessed using the chromogenic
assay Technozym ADAMTS13 Activity ELISA assay (Chr-VWF73,
Technoclone, Vienna, Austria) according to the manufacturer’s
instructions.

ADAMTS13 activity was assessed for each sample using the
HemosIL AcuStar ADAMTS13 activity assay (Instrumentation
Laboratory). Calibration was carried out using calibrators supplied
by the manufacturers. Samples and IQC were tested following the

manufacturer’s instructions.

2.5 | Statistical analysis

Linear regression was performed using Pearson’s formula.
ADAMTS13 activity levels obtained with HemoslL AcuStar
ADAMTS13 activity and FRETS-VWF73 assays were compared
using Bland-Altmann representation. Our in-house FRETS-VWF73
assay has a limit of quantification of 10 IU/dL that can be lowered
to 5 IU/dL when ADAMTS13 activity is undetectable if the relative
fluorescence units (RFU) are below the limit of detection. We there-
fore arbitrarily decided for the statistical analysis to respectively
set to 5 IU/dL and O IU/dL an ADAMTS13 activity that was deter-
mined < 10 IU/dL with a detectable RFU and < 5 IU/dL.

Continuous variables were compared with the nonparametric
Mann-Whitney U test. The means of the differences between in-
house FRETS-VWF73 and HemoslL AcuStar ADAMTS13 Activity
assays between the retrospective and the prospective sequences
were compared with a Mann Whitney U test. Agreement between
methods regarding ADAMTS13 activity < 10 IU/dL threshold for the
diagnosis of TTP, was looked into, with FRETS-VWF73 assay as gold
standard. Patients with TTP were defined on clinical presentation
of TTP associated with an ADAMTS13 activity < 10 IU/dL with our

in-house FRETS-VWF73 assay. True-positive (TP) patients were de-
fined as patients with TTP whose ADAMTS13 activity was < 10 IU/dL
with the HemoslL AcuStar ADAMTS13 activity assay. False-negative
(FN) patients were defined as patients with TTP whose ADAMTS13
activity was > 10 IU/dL with the HemosIL AcuStar ADAMTS13 ac-
tivity assay. True-negative (TN) patients were defined as patients
without TTP whose ADAMTS13 activity was > 10 IU/dL with the
HemoslIL AcuStar ADAMTS13 activity assay. False-positive (FP) pa-
tients were defined as patients without TTP whose ADAMTS13 ac-
tivity was < 10 IU/dL with the HemosIL AcuStar ADAMTS13 activity
assay.

Sensitivity was calculated as the percentage of correctly de-
tected TTP patients by HemoslL AcuStar ADAMTS13 activity
assay, using the formula: sensitivity (%) = (TP x 100)/(TP + FN).
Specificity was calculated as the percentage of correctly detected
patients without TTP by the HemosIL AcuStar ADAMTS13 activity
assay, using the formula: specificity (%) = (TN x 100)/(TN + FP).
Positive predictive value (PPV) was estimated as the percentage of
patients with TTP among the subjects whose ADAMTS13 activity
was < 10 IU/dL, using the formula: PPV = (TP x 100)/(TP + FP).
Negative predictive value (NPV) was estimated as the percentage
of patients without TTP among the subjects whose ADAMTS13
activity was > 10 IU/dL, using the formula: NPV = (TN x 100)/
(TN + EN).

Observed proportionate agreement (Po) was calculated using
the formula: Po = (TP + TN)/(TP + FP +TN + FN). The probability
of random agreement (Pe) was calculated using the formula: Pe =
(TP + FN) x (TP + FP)/(TP + FP +TN + FN)2 + (TN + FN) x (TN + FP)/
(TP + FP +TN + FN)2. Cohen's kappa coefficient was calculated
to measure the agreement between our in-house FRETS-VWF73
and the HemoslL AcuStar ADAMTS13 activity assays for detecting
an < 10 IU/dL ADAMTS13 activity using the formula kappa = (Po -
Pe)/(1 - Pe).

Statistical significance was set at P < .05. Statistical analysis was
performed using Prism version 7.00 (GraphPad Software, La Jolla,
CA, USA).

3 | RESULTS

3.1 | Analytic performances of the HemoslIL Actustar
ADAMTS13 activity assay

The limit of detection was determined at 0.2 1U/dL, matching the
manufacturer’s claim (Figure S1). No background signal was de-
tected when assessing the ADAMTS13 activity of the heated
plasma. Linearity, assessed by serial dilutions of one aTTP plasma
sample, proved excellent: Pearson’s correlation coefficient r? was
1.00 (Appendix S1: Figure S1). Interassay precisions assessed over
51 runs for the 90 IU/dL and 30 IU/dL ADAMTS13 activity IQC tar-
gets, respectively, were 9.11% and 9.64%. Interassay precision as-
sessed over 16 runs for the known TTP plasma (ranging from < 0.2

to 0.5 IU/dL) was 12.9%. Intra-assay precisions assessed with
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FIGURE 1 Scatter diagram (A) and Bland-Altman plot (B) illustrating the comparison of in-house FRETS-VWF73 assay (reference method)
and HemoslIL AcuStar ADAMTS13 activity assay (evaluated method) for the measurement of ADAMTS13 activity in 539 plasma samples.
With our in-house FRETS-VWF73 assay, 142 patients had an undetectable (<10 IU/dL) ADAMTS13 activity. Among those patients, 14 were
found 2 10 IU/dL with the HemosIL AcuStar ADAMTS13 activity (false negative). Conversely, 397 patients had a detectable ADAMTS13
activity (210 IU/dL) with our in-house FRETS-VWF73, and only 1 had undetectable ADAMTS13 activity (< 10 IU/dL) as measured by

the HemoslIL AcuStar ADAMTS13 activity assay (false positive). For the statistical analysis, values were respectively set to 5 IU/dL and

0 IU/dL if ADAMTS13 activity was determined < 10 |U/dL with a detectable RFU and < 5 IU/dL with our in-house FRETS-VWF73. Each
sample is represented as a circle. Pearson’s correlation coefficient (r?) was found at .8298 (P < .0001), and fitted regression line was

Y = 0.9698X + 9.608. The Bland-Altman plot illustrates the comparison of the HemosIL AcuStar ADAMTS13 Activity assay to our in-house
FRETS-VWEF73. Each sample is represented by a dot. The Bland-Altman plot reveals a mean bias at 8.328 IU/dL and quite large limits of
agreement (-24.32 |U/dL; +40.97 IU/dL), indicating (i) a variability between both assays for the measurement of ADAMTS13 activity and (ii)
an overall tendency of the HemosIL AcuStar ADAMTS13 Activity assay to overestimate results compared to our in-house FRETS-VWF73

assay

CRYOCHECK 1QC repeated 10 times were 5.5% for the 102 1U/dL
ADAMTS13 activity target and 3.3% for the 49 1U/dL ADAMTS13
activity target.

Specific attention was given to the intra-assay precisions of the
HemoslL AcuStar in the 0-25 IU/dL ADAMTS13 activity bracket, crit-
ical for adequate monitoring during follow-up. Assays run in 16 out
of the 18 samples ranging between 0 and 25 IU/dL of ADAMTS13
activity showed very satisfactory intra-assay precisions, with CV
ranging from 0% to 5.6%; the 2 remaining assays showed an intra-as-
say CV of 22.2% in both cases (Table 1). No contamination was de-
tected. The overall analytic performances of the HemosIL AcuStar
ADAMTS13 activity assay determined in our study and compared to
FRETS-VWF73 are reported in Table 2.

Eleven autofluorescent plasma samples with FRETS-VWF73
assay and thus assessed by Technozym ADAMTS13 activity ELISA
for reference, were tested using the HemosIL AcuStar ADAMTS13.
No particular technical difficulty was met, and the ADAMTS13 ac-
tivity values obtained with the HemosIL AcuStar ADAMTS13 activ-
ity assay appear consistent with clinical context and the Technozym
ADAMTS13 activity ELISA. The specific features of these 11 patients
are provided in Appendix S1, Table S1. Eighteen samples with clas-
sical interferences (hemolyzed, icteric, and/or lactescent samples)

were tested (data not shown). Only two slight discrepancies were

reported for one icteric sample and one icteric and lactescent sam-
ple: ADAMTS13 activity assessed by our in-house FRETS-VWF73
assay was < 10 1U/dL, while ADAMTS13 activity was measured
at 10.5 and 11.3 IU/dL, respectively, with the HemoslIL AcuStar
ADAMTS13 activity assay.

3.2 | Comparisons of HemosIL AcuStar ADAMTS13
activity assay and FRETS-VWF73 assay (reference
method) on plasma samples

3.2.1 | Comparison of results obtained from the
retrospective and the prospective evaluations

We first compared the data obtained from both sequences of the study
to detect any discrepancy related to the length of storage at -80°C,
which could bias our study. No significant difference was observed in
the comparisons of ADAMTS13 activity between the HemosIL AcuStar
ADAMTS13 activity and FRETS-VWF73 assays in the retrospective
sequence (316 plasma samples) and in the prospective sequence (223
plasma samples) of the study (Appendix S1, Figure S2). Specific scatter
diagrams and Bland-Altmann diagrams for each sequence were also

analyzed. Pearson’s correlation coefficient was found at 0.90 and 0.78
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TABLE 1 Intra-assay precisions of the HemosIL AcuStar
ADAMTS13 Activity assay in the low ADAMTS13 activity range
(0-25 1U/dL)

ADAMTS13 activity (IU/dL) (HemosIL cv
Sample N° AcuStar ADAMTS13 activity assay) (%)
1 <0.2 N/A?
2 1.3 5.6
3 1.6 N/A?
4 2.3 5.0
5 3.6 4.0
6 6.2 2.8
7 7.2 0.0
8 8.8 2.5
9 11.4 22.2
10 12.8 3.2
11 13.8 2.8
12 16.8 22.2
13 17.2 3.0
14 17.3 1.1
15 18.2 4.4
16 20.7 2.7
17 21.9 5.5
18 24.7 2.9

Note: Every intra-assay precision was determined on 4 consecutive
testings. Internal quality controls (IQC 102 IU/dL and ICQ 49 1U/dL)
were previously checked valid for each run.

Abbreviations: CV, coefficient of variation; IQC, internal quality control;
N/A, not applicable.

2All values were < 0.2 1U/dL.

for the retrospective evaluation and for the prospective evaluation,
respectively, and was statistically significant in both cases (P < .0001)
(Appendix S1, Figure S3). Overall, we tested 539 samples, consisting
of 142 samples in the < 10 IU/dL range, 68 samples in the 10-25 1U/
dL range, 118 samples in the 25-50 IU/dL range, 167 samples in the
50-100 IU/dL range, 44 samples in the 100-150 IU/dL range (Table 3).
Fifteen diagnostic discrepancies were found in the overall analysis in-
cluding 14 samples overestimated by the HemosIL AcusStar ADAMTS
13 activity assay: 7 were detected during the retrospective evaluation
and 8 during the prospective evaluation (Table 4). These results al-

lowed us to meld all 539 patients for a global comparison of methods.

3.2.2 | Global comparison of methods

Datafrom both sequences were melded, leading to a total of 539 plasma
samples. The distribution of tested samples according to ADAMTS13
activity assessed by the reference method is provided in Table 3 and
shows that our cohort represents extensively all values between < 10
and 150 1U/dL of ADAMTS13 activity. The comparison is represented
(i) with a linear regression curve and (ii) with a Bland-Altmann graphic,

which are both shown in Figure 1. Pearson’s correlation coefficient

TABLE 2 Comparison of analytic performances of in-house
FRETS-VWF73 and HemoslL AcuStar ADAMTS13 Activity assays

FRETS- HemoslL AcuStar
VWF73 assay ADAMTS13 Activity assay
Level of Highly manual Fully automated
automation
Substrate FRETS-VWF73  GST-VWF73

Detection principle  Fluorescence Chemiluminescence

Limit of detection 10 1U/dL 0.2 1U/dL

Contamination Not applicable  None

Intra-assay 6.9% 5.6%
precision (CV)

Interassay 10.2% 9.7%
precision (CV)

Assay length? 1 hour 33 minutes®

Abbreviations: CV, coefficient of variation.

“This duration does not include sample preparation, calibration and data
analysis.

PThis is the time that the HemosIL AcuStar ADAMTS13 activity assay
needs to assess the first sample; each subsequent sample will take an
extra minute.

was calculated at 0.83 (P < .0001), which is very satisfactory. Bland-
Altmann plot show a bias at 8.3, indicating a tendency to overestimate
ADAMTS13 activity compared to FRETS-VWEF73.

Similarly, as for analytic performances shown above, specific atten-
tion was given to the comparison of both assays in the critical 0-25 1U/
dL ADAMTS13 activity bracket, involving 210 samples (Figure 2).
Pearson’s correlation coefficient proved again to be satisfactory at
0.78 (P < .0001). Interestingly, the Bland-Altman plot shows a bias of
4.8 1U/dL. Since the comparison with fixed values of 5 IU/dL and O U/
dL for < 10 IU/dL ADAMTS13 activity assessed by FRETS-VWF73
could induce a bias, we also performed the statistical analysis by ex-
cluding values of ADAMTS13 activity < 10 IU/dL (data not shown).
Indeed, when excluding < 10 IU/dL ADAMTS13 activity values as-
sessed by FRETS-VWF73, r? was found at .71 (P < .0001) and when
excluding < 10 IU/dL ADAMTS13 activity values assessed by HemosIL
AcuStar ADAMTS13 activity assay, r? was found at .73 (P < .0001).

The diagnostic value of the HemosIL AcuStar ADAMTS13 activity
for acute TTP proved excellent, with a sensitivity of 90.1%, a speci-
ficity of 99.7%, a PPV of 99.2%, an NPV of 96.6%, and a kappa coef-
ficient of 0.93 (Table 5). Fifteen discrepancies were detected: 14 FN
and 1 FP (Table 4). The distribution of samples tested as a function of
ADAMTS13 activity assessed by HemosIL AcuStar ADAMTS13 activ-

ity assay and of clinical context is provided in Appendix S1, Figure S4.

3.3 | Comparison of citrated plasma versus
serum samples on HemosIL AcuStar ADAMTS13
activity assay

While the manufacturer validated the HemosIL AcuStar ADAMTS13

activity assay only on plasma, we sought to investigate whether
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TABLE 3 Distribution of assessed plasma samples according
to diagnosis (1.a) and ADAMTS13 activity using in-house FRETS-
VWF73 assay (1.b)

Retrospective Prospective

sequence sequence Total
1.a Diagnosis
Normal subjects 25 12 37
Congenital TTP (USS) 11 7 18
aT TP at initial acute 69 23 92
phase
aT TP during 122 114 236
follow-up (in
remission or
relapse)
Miscellaneous TMAs 89 67 156
Total 316 223 539
1.b ADAMTS13 activity (in-house FRETS-VWF73 assay (1U/dL))
<10 96 46 142
10-25 47 21 68
25-50 67 51 118
50-100 85 82 167
100-150 21 23 44
Total 316 223 539

Abbreviations: aTTP, acquired thrombotic thrombocytopenic purpura;
TTP, thrombotic thrombocytopenic purpura; TMA, thrombotic
microangiopathy; USS, Upshaw-Schulman syndrome.

this assay could be performed on serum. An ancillary study was
conducted on 100 plasma and serum couples drawn from the same
blood collection in 100 patients (Figure 3). Pearson’s correlation
coefficient was calculated at 0.79 (P < .0001). The bias calculated
using Bland-Atmann plot was found at 4.3, indicating a mild ten-
dency of overestimation when assessing on serum compared to
citrated plasma. This result seems consistent with the 1/10 dilution
of plasma sample given that citrated plasma tubes contain a liquid
anticoagulant. Thirteen citrated plasma samples had an ADAMTS13
activity < 10 IU/dL assessed by HemosIL AcuStar ADAMTS13 ac-
tivity assay: agreement regarding < 10 IU/dL between plasma and
serum samples was perfect. Additionally, 24 citrated plasma samples
had an ADAMTS13 activity < 25 IU/dL; after correlation with their
serum counterparts, Pearson’s correlation coefficient was found at
0.73 (P < .0001) (data not shown).

4 | DISCUSSION

In the current study, we evaluated the HemoslL AcuStar ADAMTS13
activity assay, a new automated, fast chemiluminescent assay for the
measurement of ADAMTS13 activity. Analytic performances, robust-
ness in the low detectable range of ADAMTS13 activity (0-25 1U/dL)
including the assessment of undetectable levels (< 10 IU/dL), and

global comparison with our referent in-house FRETS-VWF73 assay
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conducted on 539 citrated plasma sample showed very good results.
An ancillary study using 100 plasma-serum couples, also showed
that this assay, calling for citrated plasma according to the manufac-
turer’s instructions, could also be performed on serum.

Three previous studies evaluating the HemosIL AcuStar
ADAMTS13 activity assay were published. The first one, by Favresse
et al,*? was a retrospective study comparing the HemoslL AcuStar
ADAMTS13 activity assay to the Technozym ADAMTS13 activity
ELISA on 38 citrated plasmas samples (including eight patients with
TTP) and concluded favorably, highlighting the good diagnostic per-
formances and benefits from automation of the HemosIL AcuStar
ADAMTS13 activity assay. Valsecchi et al*® conducted a thorough
evaluation and compared, through a design similar to ours with a
retrospective and prospective sequence, the HemoslL AcuStar
ADAMTSI13 activity assay to the Technozym ADAMTS13 activ-
ity ELISA and to their in-house FRETS-VWF73 on a total of 176
citrated plasma samples (including 110 TTP samples). This study,
benefiting from a large cohort, also concluded very positively on
the analytic and diagnostic performances of the HemosIL AcuStar
ADAMTS13 activity, notably reporting a kappa coefficient of 0.97
and only two discrepancies in terms of assessing undetectable (<
10 1U/dL) ADAMTS13 activity compared to their in-house FRETS-
VWF73. Finally, Stratmann et al** published a third study comparing
the HemoslIL AcuStar ADAMTS13 activity assay to the Technozym
ADAMTS13 activity ELISA on a total of 24 citrated plasma samples,
confirming the practicability of automation for the measurement of
ADAMTS13 activity and the good diagnostic performances of this
assay.

Our results on the diagnostic performances of the HemoslIL
AcuStar ADAMTS13 activity assay are largely consistent with
these previous findings, although our findings, based on a very
large cohort of 539 citrated plasma samples, show more discrepan-
cies than the previous studies.*°*?> While most parameters appear
very satisfactory (specificity, PPV and NPV, and kappa coeffi-
cient), the sensitivity of the HemosIL AcuStar ADAMTS13 activity
assay for acute-phase TTP was found at 90.1%, indicating the pos-
sibility of FN results. Our study reports 14 patients misdiagnosed
out of a total of 142 patients (9.8%) with undetectable ADAMTS13
activity, 11 of which were acute-phase TTP, including 1 congenital
TTP (Table 4). This apparent discrepancy compared to the other
studies can be partly explained by the very large cohort of samples
we studied. Moreover, our reference method was FRETS-VWF73
assay and not the Technozym ADAMTS13 activity ELISA, an assay
previously evaluated by our team and found to provide FN results
in 12% of patients with acute TTP®. It is also noteworthy that
among the 14 cases in which the HemosIL AcuStar ADAMTS13
activity assay is discrepant with FRETS-VWF73 assay for identify-
ing undetectable (<10 IU/dL) ADAMTS13 activity, 3 were complex
TMAs with unspecific severe functional deficiency in ADAMTS13,
or TTP-like syndrome. One of those samples was slightly icteric
and another was slightly icteric and lactescent, which is of in-
terest given that icteric samples can lead to inaccurate results
with FRETS-VWF73.*> However, whether these interferences
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TABLE 4 Diagnostic discrepancies between HemosIL AcuStar ADAMTS13 activity assay and in-house FRETS-VWF73 assessing < 10 1U/
dL ADAMTS13 activity in 15 plasma samples

ADAMTS13 activity
by in-house FRETS-

ADAMTS13 activity
by HemoslIL AcuStar

Anti-ADAMTS13 IgG
titers (ELISA, U/mL)

Clinical context and complementary

Patient VWF73 assay (IU/dL) assay (IU/dL) (N <15 U/mL) ADAMTS13 investigation

TMA 11 51 9 Pregnancy and systemic lupus
erythematosus

aTTP - acute phase <10 12 11 Liver transplantation

aTTP - acute phase <5 17 24 Hepatitis B, hepatocellular carcinoma,
and kidney transplantation

aTTP - relapse <10 13 7 None

Congenital TTP (USS) <5 13 10 Exon 3:¢.262G > C (p.Val88Leu) Exon
24:¢.3178C > T (p.Arg1060Trp)

aTTP - acute phase <5 22 5 Pregnancy

aTTP - acute phase <10 17 6 Pregnancy

aTTP - acute phase <10 26 10 None

aTTP - relapse <5 29 12 None

aTTP - acute phase <10 16 16 None

TMA? (icteric and <10 11 1 Hematopoietic stem cell

lactescent sample)

aTTP - relapse <5 13
alTP - relapse <5 11
TMA* <5 28
TMA? (icteric sample) <10 11

transplantation and Escherichia coli
0157:H7 infection

7 None
27 Pregnancy
21 Tuberculosis
2 Heart failure with congestive
hepatopathy

Abbreviations: aTTP, acquired thrombotic thrombocytopenic purpura, TMA, thrombotic microangiopathy; TTP, thrombotic thrombocytopenic

purpura; USS, Upshaw-Schulman syndrome.

#Although ADAMTS13 activity was < 10 IU/dL with FRETS-VWF73 assay, clinical context led to a diagnosis of TMA with a specific severe functional

deficiency in ADAMTS13, that is, TTP-like syndrome.

significantly affected the measurement of ADAMTS13 activity
with the HemosIL AcuStar ADAMTS13 Activity assay is uncer-
tain, as other samples with interferences did not appear to be
significantly impacted. Diagnostic performances for acute-phase
TTP are very satisfactory in terms of specificity (99.7%) and PPV
(99.2%), indicating that the HemosIL AcuStar ADAMTS13 assay is
very unlikely to provide a FP result (only one patient in our study,
a complex TMA in a pregnant patient with systemic lupus erythe-
matosus). While our study includes a relatively high number of
samples, further time and experience with the HemosIL AcuStar
ADAMTS 13 Activity assay are needed to find a perfect strategy
balancing its ease of use and diagnostic performances. Reference
methods using both full-length VWF and VWF73 substrates
should therefore be kept for backup if clinical presentation, in-
cluding the French and/or PLASMIC score, and ADAMTS13 as-
sessed by the HemosIL AcuStar ADAMTS13 activity assay appear
discrepant.

Other original features of our study are the extensive evaluation
of the analytic performances of the HemoslL AcuStar ADAMTS13
activity assay and of the robustness of this assay in the low detect-
able ADAMTS13 activity range (0-25 1U/dL). This bracket is cru-

cial for both adequate diagnosis and follow-up supporting either

caplacizumab-driven therapy or preemptive rituximab-driven ther-
apy but remains critically difficult to assess robustly and precisely
with currently available assays. Another specific end point of this
work was also to determine whether this assay could be performed
on serum to better suit real-life needs.

While clinical scores such as the FRENCH score*® or the
PLASMIC score® have significantly made TTP detection easier,
differential diagnosis with other TMAs or coagulopathies can be
challenging, and rapid results could accelerate initial diagnosis. The
excellent analytical performances of this new assay are combined
with a time of execution of 1 hour for a run including 25 samples,
which could make ADAMTS13 activity available faster for clinical
care and improve initial management.48 Providing rapidly available
results should nevertheless not be done at the expense of their re-
liability, and time should be taken for IQC, technical, and medical
validation, ensuring that correct results are provided to physicians
for clinical care. In terms of benefit for current medical practice, the
comparison for plasma samples of HemosIL AcuStar ADAMTS13
activity assay and FRETS-VWF73 showed satisfactory correlation
overall and lack of interferences, in addition to its ease of use com-
pared to FRETS-VWF73, a laborious time-consuming and exper-

tise-requiring technique. Moreover, calibration must be performed
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FIGURE 2 Scatter diagram (A) and Bland-Altman plot (B) illustrating the comparison of in-house FRETS-VWF73 assay (reference
method) and HemoslL AcuStar ADAMTS13 activity assay (evaluated method) for the measurement of ADAMTS13 activity for 210 citrated
plasma samples with ADAMTS13 activity < 25 IU/dL as assessed by in-house FRETS-VWF73 assay. For the statistical analysis, values were
respectively set to 5 IU/dL and O IU/dL if ADAMTS13 activity was determined < 10 IU/dL with a detectable RFU and < 5 IU/dL with our
in-house FRETS-VWF73 assay. Each sample is represented as a circle Pearson’s correlation coefficient (r2) was found at .7816 (P < .0001),
and fitted regression line was Y = 1.485X + 1.775. The Bland-Altmann plot illustrates the comparison of the HemosIL AcuStar ADAMTS13
activity assay to our in-house FRETS-VWF73. Each sample is represented by a dot. The Bland-Altman plot specifically targeting citrated
plasmas with ADAMTS13 activity < 25 IU/dL assessed by our in-house FRETS-VWF73 assay reveals a lower mean bias, at 4.735 |U/dL,

and narrower limits of agreement (-9.88 IU/dL; +19.35 IU/dL) compared to the analysis conducted on all plasmas (0-150 IU/dL). This result
suggests that (i) the variability is far less important between both assays in the measurement of ADAMTS13 activity in the 0-25 |U/dL range;
(i) the HemoslL AcuStar ADAMTS13 Activity assay tends to overestimate results less compared to our in-house FRETS-VWF73 assay in the

0-25 IU/dL range

TABLE 5 Diagnostic performance

for acute phase of TTP of the HemoslIL
AcuStar ADAMTS13 Activity assay in 539
plasma samples

HemoslL AcuStar ADAMTS13

Activity assay

Sensitivity (%)
Specificity (%)

Positive predictive value (%)
Negative predictive value (%)

Cohen'’s kappa coefficient

each time the reagent lot is changed and not every time testing is
performed. Linearity and interassay precision are excellent, and no
contamination was detected in this automated system. We chose
to work with the manufacturer’s IQC for interassay precision and
with our usual supplier for intra-assay precision to check whether
working with the manufacturer’s IQC would result in better quality
controls, which was not the case.

Analytical robustness in the low detectable ADAMTS13 activity
range is also noticeably better compared to FRETS-VWF73, and the

FRETS-VWF73

<10 1U/dL
(n=142)

210 IU/dL
(n=2397)

<10 1U/dL 128 1
(n=129)
> 10 IU/dL 14 396
(n =410)
90.1
99.7
99.2
96.6
0.93

2 out of 18 intra-assay precisions that are much higher (22.2% for
both) appear to be overestimated by a random error, as the other
values are much lower. This could allow for more standardized and
reliable monitoring of TTP patients in remission, particularly for pa-
tients with low detectable ADAMTS13 activity, and for a more rapid
identification of relapsing patients calling for preemptive rituximab.
This assay also appears adequate for caplacizumab-driven therapy,
given that a yet-to-be-determined cutoff ADAMTS13 activity level
(likely around 20-25 I1U/dL) could determine the continuation or



90 r th BERANGER ET AL.
Eﬁifm";se;a;'f:emam
(A) 1507 %o (B)
) g5
S ] F
> § 100 g .
35 ] g
g2z 5 ueer 1. T et
Q o
2<g o o2 . "
g iz | . g g ....................... '
] . 150
9% E ] 8o 98 e d s Sl R o Y. A SO
' O 50+ c 3 e
E <« 4 . g 4
3 ] g2 .
] ew )
o g 1
o Y = 0,9858'X + 4,975 ES Pl
r=0.7932 z 4
Average ADAMTS13 activity (IU/dL)
p <0,0001 ! HemosIL AcusStar assay (plasma and serum)
0
0 50 100 150
Plasma - ADAMTS13 Activity (IU/dL)
HemoslL AcuStar
ADAMTS13 activity assay

FIGURE 3 Scatter diagram (A) and Bland-Altman (B) plot illustrating the comparison of ADAMTS13 activity measured in 100 plasma

and serum couples using HemosIL AcuStar ADAMTS13 activity assay. One hundred citrated plasma and serum couples drawn from the
same blood collection from 100 disctinct patients were tested with the HemoslL ADAMTS13 activity assay and compared, with citrated
plasma as the reference. Thirteen patients had undetectable (<10 IU/dL) ADAMTS13 activity on plasma samples. Agreement with serum
counterparts for evidencing an undetectable (<10 IU/dL) ADAMTS13 activity was perfect. Each sample is represented as a circle on the
scattered diagram. Pearson's correlation coefficient (r?) was found at .7932 (P < .0001), and fitted regression line was Y = 0.98588X + 4.975.
The Bland-Altman plot illustrates the comparison of citrated plasma and serum on the measurement of ADAMTS13 activity assessed by the
HemosIL® AcuStar ADAMTS13 activity assay. Each sample is represented by a dot. The Bland-Altman plot reveals a mean bias of 4.253 U/
dL and quite large limits of agreement (-28.70 IU/dL; +37.20 IU/dL), indicating an overall tendency of the HemosIL AcuStar ADAMTS13
Activity assay to slightly overestimate results on serum compared to citrated plasma

discontinuation of caplacizumab. The determination of this cutoff
ADAMTS13 activity level could be a determining parameter for the
overall cost-effectiveness of caplacizumab in TTP.

The HemoslL AcuStar ADAMTS13 activity assay has a much
lower limit of detection than the gold standard FRETS-VWF73.
The ADAMTS13 activity threshold value for the diagnosis of
acute-phase TTP is < 10 IU/dL, but the choice of this cutoff is
closely related to the limit of detection of previously available
methods. While acute-phase acquired TTP tends to have very
low (<5 1U/dL) ADAMTS13 activity, it appears that relapsing pa-
tients or patients with USS display a somewhat higher ranger of
ADAMTS13 activity (between 5 and 10 |U/dL) (data not shown).
Within the < 10 IU/dL range, the comparison of the clinical
context and the ADAMTS13 activity measured by the HemoslL
ADAMTS13 activity remains to be performed. This new method
offers a much lower limit of detection, which could in turn
lower the threshold for TTP diagnosis and incidentally lower
the threshold for initiating preemptive rituximab. The 10 U/
dL threshold for preemptive rituximab remains up for debate.
This new assay could help identify a more adequate threshold
and separate patients with < 10 IU/dL ADAMTS13 activity into
a group with ADAMTS13 activity closer to 0.2 1U/dL who would
benefit from preemptive treatment and into another group with
ADAMTS13 activity closer to 10 1U/dL for whom the risk-ben-

efit balance might lean toward monitoring alone. In addition,

it greatly improves the possibility of studying USS samples for
genotype-phenotype studies, which were so far hindered by the
high limit of detection of reference methods. Our study, the first
to include USS, reports notably an adult patient with USS with
pregnancy-onset TTP that was misdiagnosed with the HemosIL
AcuStar ADAMTS13 activity assay at 13 IU/dL. Finally, regard-
ing the use of serum in addition to citrated plasma, ADAMTS13
activity assay is performed in limited expert laboratories, some-
times covering a wide geographic area. Preanalytical handling
and transport of aliquoted frozen citrated plasma can be diffi-
cult in such conditions, with the risk of faulty results if mishan-
dled. Serum samples are easier to handle and already regularly
used for that matter, leading our team to investigate the use of
serum for performing FRETS-VWF73. The AcuStar is indeed an
automated system capable of performing many specialized he-
mostasis assays on plasma or on serum samples, for example,
antiphospholipid antibodies. While reports that thrombin gener-
ated during the clotting process may degrade ADAMTS13 have

been published,49

our data show that testing on serum does not
provide FP results. Moreover, our real-life experience of mea-
suring ADAMTS13 on serum rather than plasma show identical
diagnostic performance. Serum testing should, however, be per-
formed with caution until further validation has been performed.
Finally, since EDTA completely eliminates the enzyme activity,

EDTA plasma specimens are absolutely not to be used.
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The HemoslL AcuStar ADAMTS13 activity assay appears very
reliable and easy to perform. This method could thus replace cur-
rent techniques as a first-line assay for both TTP initial diagnosis
and follow-up, with an obvious benefit for therapy-driven monitor-
ing. However, confrontation with clinical data remains crucial, and
if ADAMTS13 activity appears to conflict with clinical presenta-
tion, it must be controlled with a reference method in experienced
laboratories.
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