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Key Points

• Eighty-three patients
with iTTP were
prospectively
evaluated for
ADAMTS13 activity,
conformation, and for a
novel VWF MM ratio.

• This ratio of high- to
low-molecular weight
VWF MM is
significantly higher
before an iTTP bout
than in patients in
continued remission.
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Immune-mediated thrombotic thrombocytopenic purpura (iTTP), an autoantibody-mediated

severe ADAMTS13 deficiency, is caused by insufficient proteolytic processing of von

Willebrand factor (VWF) multimers (MMs) and microvascular thrombi. Recurrence of acute

iTTP is associated with persistence or reappearance of ADAMTS13 deficiency. Some patients

remain in remission despite recurring or persisting severe ADAMTS13 deficiency. In a

prospective 2-year observational study, we investigated VWF MM patterns and ADAMTS13 in

patients with iTTP in remission and at acute episodes. Of the 83 patients with iTTP, 16 suffered

22 acute episodes whereas 67 remained in clinical remission during follow-up, including 13

with ADAMTS13 <10% and 54 with ADAMTS13 ≥10%. High -molecular weight to low-molecular

weight VWF MM ratio based on sodium dodecyl sulfate-agarose gel electrophoresis was

compared with ADAMTS13 activity. VWF MM ratio was significantly higher in patients in

remission with <10% compared with ≥10% ADAMTS13 activity. Fourteen samples obtained

from 13 to 50 days (interquartile range; median, 39) before acute iTTP onset (ADAMTS13 <10%

in 9 patients and 10%-26% in 5) showed VWFMM ratios significantly higher than those from 13

patients remaining in remission with ADAMTS13 <10%. At acute iTTP onset, VWF MM ratio

decreased significantly and was low in all patients despite <10% ADAMTS13. The VWF MM

ratio does not depend exclusively on ADAMTS13 activity. The disappearance of high molecular

weight VWF MMs resulting in low VWF MM ratio at iTTP onset may be explained by

consumption of larger VWF MMs in the microcirculation. The very high VWF MM ratio

preceding acute iTTP recurrence suggests that VWF processing is hampered more than in

patients remaining in remission.

Introduction

Immune-mediated thrombotic thrombocytopenic purpura (iTTP) is caused by a severe deficiency of
ADAMTS13 (a disintegrin and metalloprotease with thrombospondin type 1 motifs 13) because of
autoantibodies that inhibit or clear the protease.1-3 In patients with severe ADAMTS13 deficiency, the
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proteolytic processing of high molecular weight prothrombotic von
Willebrand factor (VWF) multimers (MMs) into smaller, less adhe-
sive molecules fails. Under high shear stress in arterioles and
capillaries, VWF- and platelet-rich microthrombi occur4-6 resulting
in thrombocytopenia and microangiopathic hemolytic anemia with
schistocytes. The microthrombi lead to organ ischemia, dysfunc-
tion, and clinical symptoms.6-8 The acute iTTP episode is associ-
ated with high mortality and therefore requires rapid, appropriate
therapy. Apart from therapeutic plasma exchange (TPE), plasma
replacement and corticosteroids,9,10 the anti-CD20 monoclonal
antibody (mAb) rituximab11-14 and since 2018, caplacizumab, a
therapeutic nanobody binding to the A1 domain of VWF and pre-
venting platelet binding and activation, became available.15-17

After an initial acute episode, up to 40% of survivors relapse over
the ensuing years.18,19 However, ADAMTS13 deficiency alone is
not sufficient to trigger recurrence because some patients do not
relapse despite consistently low ADAMTS13 levels. The comple-
ment system, inflammation, and cytokines seem to play an impor-
tant, but currently not completely clarified, role in iTTP
pathophysiology.20-22 In addition, Roose et al demonstrated that
ADAMTS13 is present in an open conformation during acute
iTTP23 and that open conformation in remission may herald
recurrence.24 In a mouse model using ADAMTS13 and VWF
double-knockout mice (ADAMTS13−/−/VWF−/−), Chauhan et al25

demonstrated that VWF deficiency abrogates the prothrombotic
state of ADAMTS13 deficiency, suggesting that VWF is the
indispensable mediator for platelet clumping.

VWF is secreted as an ultra-large MM, mainly from endothelial cells,
and mediates platelet adhesion and aggregation at sites of vascular
damage.26,27 Cleavage by ADAMTS13 results in a typical MM
pattern of higher and lower molecular weight MMs in plasma.26,27

High molecular weight multimers (HMWM) (~5500-10 000 kDa)
are more adhesive than lower molecular weight multimers (LMWM),
and excessive cleavage reduces the ability of VWF to recruit
platelets.4,6,28 Unusually large VWF MMs (>10 000 kDa) are
particularly adhesive and observed in the plasma of patients with
TTP as a result of low ADAMTS13 activity. They are detectable only
in remission and disappear during the acute episode, most likely
because of the consumption in microthrombi.29,30 For ~3 decades
the analysis of ultra-large VWF MMs has been a part of the extended
diagnostics in TTP,29 but the method is laborious, requires a lot of
expertise, and is therefore rarely offered for diagnostic purpose. The
complicated procedure is not standardized and shows high gel-to-
gel variability, even in the hands of the same investigator.31 The
Hydragel method is a well-standardized precast agarose gel system
for VWF MM analysis.32-36 Although the resolution of the gel is not
sufficient for assessing the triplet structure of LMWM bands, the
detection of absent HMWM is reliable and thus von Willebrand
disease types 2A and 2B can be distinguished from type 1.32,36,37

Ultra-large VWF MMs cannot be clearly separated from physio-
logic HMWM, but densitometric quantification of 3 predefined MM
ranges (HMWM, intermediate molecular weight multimers [IMWM],
and LMWM) are so reliable that reference ranges have been
established.27,32,35,37 Therefore, we investigated whether quantifi-
cation of a newly defined fraction of HMWM compared with LMWM
is an appropriate marker for ultra-large VWF MMs and may, in
conjunction with other risk markers (ADAMTS13 activity and
ADAMTS13 conformation index [CI]), be used as prognostic follow-
up marker in iTTP.
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Patients and methods

In the study period from July 2016 to August 2018, 91 patients
with suspected or known iTTP were screened. One patient refused
to participate. Of 90 initially included patients, 83 were confirmed
to have iTTP (Figure 1). In 7 patients with suspected iTTP, a
different diagnosis was made shortly after inclusion (Figure 1A). Of
the 83 patients with iTTP, 8 were enrolled in the study during an
acute episode including 4 with a first iTTP bout (Figure 1B).
Seventy-five patients were enrolled during clinical remission. After
inclusion in the study, 14 acute relapses occurred in 10 different
patients during follow-up. Therefore, a total of 22 acute episodes
were recorded in 16 patients over the study period (Figure 1B).

According to the outcome criteria proposed by an International
Working Group on TTP,38 acute TTP relapses are defined as
platelet decrease (<150 000 cells/μL), LDH increase (>400 U/L),
with or without clinical symptoms occurring in remission. This latter
is defined as normalized platelets (>150 000cells/μL) and LDH
<1.5× upper normal limit after discontinuing TPE and is sustained
for >30 days.38 Our cohort study ended before the introduction of
caplacizumab into clinical practice obviating the need to apply the
revised outcome criteria.39

Optimally, patients in remission were followed up as outpatients
from every 3 to 4 months (52%), sometimes more often if a
pending relapse was suspected, and others (34%) were seen only
once a year. Patients in remission received a clinical examination,
and blood was drawn for laboratory analysis and biobanking
(supplemental Methods). Patients with acute iTTP were hospital-
ized and received a comprehensive laboratory analysis and bio-
banking before the first TPE. Laboratory routine testing and
biobanking were performed daily before the TPE session for
10 days and twice a week thereafter until hospital discharge.

The prospective study was approved by German law
(Landeskrankenhausgesetz §36 and §37) in accordance with
the Declaration of Helsinki and by the ethics committee of the
“Landesärztekammer Rheinland-Pfalz” (837.506.15 [10274]).

Controls

Forty pseudonymized patient controls and 25 controls were
analyzed for deriving a reference VWF MM ratio (supplemental
methods).

Assays (see also supplemental Methods)

VWF antigen and VWF activity. VWF antigen (VWF:Ag) as well
as activity (VWF:Ab)40 were measured at the University Medical
Center Mainz using an ACL Top 750 coagulation analyzer
(Instrumentation Laboratory/Werfen Diagnostics). In these immu-
noassays, VWF:Ag agglutinates with the polyclonal antibody–
coated latex particles. Agglutination is proportional to the amount
of VWF:Ag and is determined photometrically. VWF:Ab was also
determined by an immunoturbidimetric assay, but the latex particles
were coated with a mAb against the glycoprotein Ib binding site of
VWF (HaemosIL VWF activity).40

ADAMTS13 activity and antigen. ADAMTS13 activity
(ADAMTS13:act) was examined in Mainz using the fluorescence
resonance energy transfer (FRET) method41 (Peptide Institute, INC
FRETS-VWF73 substrate) modified as described.42,43
12 SEPTEMBER 2023 • VOLUME 7, NUMBER 17
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Available samples at different timepoints of 16 iTTP patients in 22 acute episodes
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Figure 1. Recruitment of patients with iTTP cohort highlighting all acute iTTP episodes occurring during the prospective study. (A) Overview of patients enrolled in

remission and during an acute iTTP episode. (B) All patients suffering 1 or several acute bouts are represented over the whole study period (time axis from July 2016 to August

2018 indicated on the right side). The left side of the panel shows the 8 patients enrolled in remission who suffered from relapse(s) during follow-up (black outlined boxes

with patient numbers #2, 5, 11, 15, 32, 45, 64, 84). The red and pink stars show the acute relapse(s). The right side of the panel shows the 8 patients enrolled in acute episodes,

indicated by red and pink stars (patient numbers #29, 36, 44, 63, 79, 85, 86, 88). The black outline of the stars indicates initial diagnoses (patients #29, 85, 86, 88). Pink stars

indicate the acute episodes of patients who received treatment prior to biobanking. No blood samples were available from them at begin of the acute bout before first TPE (refer to

panel C below). Red stars mark acute bouts with complete data and biobanking. (C) Summary of all available samples of 16 patients with 22 acute iTTP episodes at various time

points (days-weeks before, acute iTTP onset before first TPE, during acute iTTP after first TPE, in remission after acute iTTP).
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ADAMTS13 activity was expressed as a percentage of pooled
normal plasma. The normal range in healthy donors is >50% with a
detection limit of 1%.

ADAMTS13 antigen (ADAMTS13:Ag), experiment conducted in KU
Leuven Campus Kortrijk, Belgium, was measured by an in-house
developed ADAMTS13 antigen enzyme-linked immunosorbent
assay (ELISA) as previously described.23,44 In brief, plasma samples
and a dilution series of normal human plasma (NHP) were added to a
96-well plate coated with mouse mAb 3H9.45 Captured ADAMTS13
was colorimetrically detected using a mixture of biotinylated murine
mAbs, 17G2 and 19H446 and horseradish peroxidase (HRP)–labeled
streptavidin (Roche Diagnostics). The ADAMTS13 antigen levels
were interpolated from the NHP reference.

ADAMTS13 conformation ELISA. ADAMTS13 conformation in
plasma samples, conducted in Kortrijk, was determined using an in-
house developed conformation ELISA as previously described.23,24

In brief, 96-well plates were coated with the murine mAb 1C4
(5 μg/mL) which recognized a cryptic epitope in the spacer domain.
After blocking, plasma samples were added in a 1 over 4 starting
dilution and further diluted in a 1 over 2 dilution series. A dilution series
of NHP, preincubated with the opening murine mAb 17G2,46,47 was
used for calibration. Detection of bound ADAMTS13 using bio-
tinylated 3H945 followed by HRP-labeled streptavidin and colorimetric
reaction allowed assaying open ADAMTS13 and calculating CI. A
minimum of ≥0.02 μg/mL ADAMTS13:Ag is needed for CI assay. A
CI of >0.5 indicates an open ADAMTS13 conformation whereas a CI
of ≤0.5 indicates a closed ADAMTS13 conformation.

ADAMTS13:act, ADAMTS13:Ag, and CI of some iTTP samples
had been analyzed for a previous study and were already published
in this context.24

VWF MM ratio. VWF MM analysis was performed in Mainz using
the Hydragel 11 von Willebrand Multimers kit (Sebia GmbH, Fulda,
Germany) on the Sebia Hydrasis 2 system (Figure 2A). Plasma
samples were thawed at room temperature, diluted with sample
diluent (Sebia), incubated at 45◦C for 20 minutes, adjusted to
room temperature for a maximum of 10 minutes and loaded onto a
precast agarose gel (sample volume 5 μL). To avoid saturated, not
quantifiable MM bands, the samples were not only roughly diluted
according to VWF:Ag concentration ranges (as suggested by the
manufacturer) but were also adjusted exactly to 20% VWF:Ag. On
each gel, 1 healthy control and 10 patient samples were separated.
Electrophoresis, in-gel immunofixation and VWF staining, scanning
of the gel, densitometry (Software Phoresis version 6.3, Sebia),
and quantification by integrating the areas under the curves were
part of a semiautomated workflow optimized by the manufacturer.
Preliminarily, the electrophoretic pattern of VWF MMs was divided
into following 3 zones according to the molecular weight: LMWM,
3 bands; IMWM, 4 bands; and HMWM. Because the manufac-
turer’s classification was not optimized for the use in TTP, we
complemented the MM classification by splitting HMWMs in 2
separate categories, the anodal 2 bands (HMWM1) and the
residual-HMWM bands (HMWM2) (Figure 2A).

Statistical analysis

Clinical symptoms and medical history of each patient were
recorded in Open Clinica. Laboratory parameters and biobanking
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were recorded in Nexus/Swisslab (version 2.22.5.00). Statistical
analysis was performed using GraphPad Prism 9. The descriptive
statistics included frequency, mean, standard deviation, median,
interquartile range, and minimum and maximum. The differences
between 2 groups were tested using Student t test for normally
distributed data and the nonparametric Mann-Whitney U test for
nonnormally distributed data. Any P values <.05 were considered
to be statistically significant.

Results

Characteristics of the enrolled patients with iTTP

Eighty-three patients with confirmed iTTP were included (Table 1).
The majority of 61 (73%) were female. Patients were followed for a
median of 468 days and were aged 49 years (median) at study
inclusion. The patients were first diagnosed with iTTP at a median
age of 38 years (range 12-85 years). The median number of pre-
vious acute episodes before inclusion in the study was 2. Four
patients were enrolled during their initial iTTP episode, 2 of them
directly admitted to the University Medical Center Mainz and 2
transferred from external hospitals. Five (7%) patients had already
had ≥10 acute prior episodes.

Data on the acute iTTP episodes

Of the 22 acute episodes recorded in 16 patients during the study
period, complete clinical and laboratory data and biobanking of
plasma samples before TPE were available for 16 episodes in 10
patients (Figure 1B-C). All 16 well-documented acute episodes
were characterized by severely decreased ADAMTS13 activity,
thrombocytopenia, increased LDH, and signs of microangiopathic
hemolysis (Table 2). The severity of the acute bouts assessed by
our clinical score48 was mild in 5, moderate in 8, and severe in 2
instances, and 1 patient with 3 previous acute episodes showed
only laboratory signs of acute TTP (Table 2; supplemental Table 1).
For all 16 acute iTTP episodes, from 4 to 29 TPEs were performed
over 8 to 36 days, most patients received prednisolone and 5 rit-
uximab (supplemental Table 1). All patients survived. Comorbidities
besides iTTP are listed in supplemental Table 2.

Follow-up of all patients with iTTP and development

of the VWF MM ratio

We monitored all 83 patients with iTTP (Figure 1A) for clinical
signs and symptoms, blood values, ADAMTS13 parameters, LDH
and VWF MM pattern over the study period up to 2 years. An
example for 1 closely followed patient is shown in supplemental
Figure 1. VWF MM pattern turned out as potentially interesting
parameter (see below).

Set up and evaluation of a new VWF MM ratio. To define an
informative VWF MM fraction including predominantly ultra-large
MMs, the HMWM fraction was split in 2 zones, the anodal 2
bands (HMWM1), which could be clearly differentiated in all lanes,
and the remaining HMWM2 (Figure 2A). After analyzing the 65
control samples and the first 77 samples of patients with TTP and
quantifying the predefined fractions, the preliminary evaluation
revealed that, among all fractions, HMWM2 and LMWM differed
most pronouncedly between patients with iTTP and controls,
expressed by increased HMWM2 and decreased LMWM in TTP.
IMWM were slightly decreased in patients with iTTP and no
12 SEPTEMBER 2023 • VOLUME 7, NUMBER 17
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difference was observed for HMWM1. Therefore, the ratio of
HMWM2 to LMWM (VWF MM ratio) was considered as the most
discriminative parameter (Figure 2B).

Set up and coefficient of variation (CV) of VWF MM ratio.
On 38 gels, each with 11 slots, 1 aliquot of a total of 4 individual
healthy control samples was analyzed in parallel with sample of 10
patients, respectively. For healthy control #1, a VWF MM ratio of 1.7
was found with a CV of 15% (n = 26 gels). This was confirmed with
healthy controls #2 to 4 with VWF MM ratio 1.9, CV 19% (n = 6),
VWF MM ratio 1.3, CV 15% (n = 3), and VWFMM ratio 1.3, CV 14%
(n = 3), respectively. Furthermore, 20 samples of patients with iTTP
were analyzed and repeated at another day: The relative deviation of
the recorded duplicates (calculated as |d| × 100/m; d: absolute value
of the duplicates’ difference, m: mean of the duplicates) was found to
be 9.12% ± 7.03% (mean ± standard deviation).
12 SEPTEMBER 2023 • VOLUME 7, NUMBER 17
Set up and sample stability to freeze-thaw cycles. One gel
was loaded with 5 technical replicate samples of each, 1 healthy
control, and 1 patient with TTP. Replicates had been subjected to
1 to 5 freeze-thaw cycles. A tendency neither toward higher nor
toward lower VWF MM ratios was observed (healthy control: VWF
MM ratio with increasing freeze-thaw cycles: 1.8, 2.4, 1.9, 1.8, 1.7,
CV 14%; patient with TTP: VWF MM ratio with increasing freeze-
thaw cycles: 4.9, 4.7, 5.0, 4.9, 4.1, CV 8%).

Set up and patient controls and healthy controls. Forty
pseudonymized patient controls and 25 anonymized healthy con-
trols were analyzed. To ensure optimal predilution of the samples
for the VWF MM gels, VWF:Ag was determined in all controls
(patient controls: mean ± standard deviation 156% ± 55%; mini-
mum 77%, maximum 275%; healthy controls: mean ± standard
deviation 108% ± 32%; minimum 59%, maximum 170%). The
VON WILLEBRAND FACTOR MULTIMER RATIO IN ITTP 5095



Table 1. Characteristics of the cohort of patient with iTTP

Characteristics n %

Total number of patients with iTTP 83*

Sex

Female 61 73

Male 22 27

Ethnicity

Caucasian 83 100

Observation time, d

Median (minimum, 25th percentile, 75th percentile,
maximum)

468 (1, 56, 680, 782)

Age at time of enrollment, y

Median (minimum, 25th percentile, 75th percentile,
maximum)

49 (20, 39, 57, 86)

Age at time of diagnosis of first acute iTTP

episode, years†

Median (minimum, 25th percentile, 75th percentile,
maximum)

38 (12, 27, 49, 85)

Number of acute TTP episodes during study 22 in 16 patients

Patients enrolled during acute iTTP 8

Initial diagnosis during study 4

Relapse of iTTP 4

Relapses during follow-up after enrollment 14

Number of patients with iTTP in continued remission
during study

67

Number of all acute episodes per patient

before enrollment into the study‡

Median (minimum, 25th percentile, 75th percentile,
maximum)

2 (0, 1, 3, 23)

Risk factors for iTTP

Smoking 17 20

Overweight (BMI, 27-29.9)§ 12 16

Obesity (BMI >30)§ 26 34

Arterial hypertension 28 31

Type 1 diabetes mellitus 1 1

Type 2 diabetes mellitus 11 13

BMI, body mass index.
*Ninety-one patients were screened (refer to supplemental Figure 1).
†Known for 80 patients with iTTP.
‡Known for 75 patients with iTTP.
§Known for 76 patients with iTTP.
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VWF MM ratio values were normally distributed for both collectives.
In patient controls a mean ratio of 2.3 ± 0.6 (SD) was detected, in
healthy controls 2.3 ± 0.7. Because results were very similar in
both control groups, the reference range for the VWF MM ratio
was calculated from a total of 65 controls: 1.1 to 3.5 (2.5th-97.5th
percentile).

Course of VWF MM ratio in patients with iTTP with

and without acute episodes

The VWF MM ratio typically increased before the acute iTTP bouts
and dropped at onset of the acute episode (Figure 3). The values of
VWF MM ratio before acute episodes were significantly higher than
in controls (P < .0001), but also compared to patient with iTTP
5096 FALTER et al
who did not experience an acute bout (Figure 4). At the onset of an
acute episode, the VWF MM ratio dropped significantly (P =
.0003) to values often below the lower limit (<1.1). In contrast, both
patient with iTTP in continuing remission and healthy controls
showed a constant VWF MM ratio (supplemental Figure 2). Toward
remission (median 58 days after last TPE), the VWF MM ratio
values normalized and exhibited no difference to the control group
(Figures 3 and 4).

Comparison of VWF MM ratio, VWF antigen,

ADAMTS13 activity, and ADAMTS13 CI in patient with

iTTP with and without an acute episode during the

study period

To detect potential differences between patients with and without
acute episodes, the patients were divided into following 2 groups:
those with (n = 15) and without (n = 67) acute episodes during the
study period. The 67 patients remaining in remission for the com-
plete study period were further divided into those with ADAMT-
S13:act ≥10% (n = 54) and <10% (n = 13). In addition, 65 healthy
and patient controls were also analyzed for comparison (Figure 4).

VWF MM ratio was assessed in remission before an acute episode
in 14 instances (10 different patients), at onset of acute iTTP bout
in 16 instances (10 patients), and during remission after an acute
iTTP in 20 instances (14 patients) (Figures 1C and 4). Patients in
continuing remission with ADAMTS13:act ≥10% had a signifi-
cantly lower VWF MM ratio than those with ADAMTS13:act <10%
(P = .0023). Nevertheless, patients with ADAMTS13:act below
(P < .0001) as well as above 10% (P = .0012) showed significantly
higher VWF MM ratio than controls. Fourteen samples obtained
39 days (median; min. 2, interquartile range 13-50, max. 196 days)
before acute iTTP (ADAMTS13 <10% in 9, 10%-26% in 5)
showed significantly higher VWF MM ratios than those of 13
patients in continuing remission with ADAMTS13 <10% (P =
.0020), as well as those of the 54 patients in remission with ≥10%
(P < .0001). Sixteen samples of patients with acute iTTP displayed
significantly lower VWF MM ratios than the 13 patients with iTTP in
remission with an ADAMTS13 <10% (P = .0033). The VWF MM
ratio in patients with iTTP in remission after an acute bout was
comparable to that of controls and lower than in patients with iTTP
in continuing remission.

Bernardo et al20 demonstrated that inflammatory cytokines stimu-
late the release of HMW VWF MM from human umbilical vein
endothelial cells and that interleukin 6 (IL-6) inhibits their cleavage
under flow conditions. Therefore, we examined C-reactive protein
(CRP) and IL-6. CRP levels in patients before an acute bout were
equal or lower than in patients in continuing remission
(supplemental Figure 3). IL-6 levels were not detectable before an
acute episode and were significantly higher in patients with iTTP in
remission (P = .0124 and P = .0162), although still within the
normal range (<7 pg/mL) (supplemental Figure 3). At the beginning
of an acute bout, CRP and IL-6 were significantly higher than at all
other time points and compared with that of patients with iTTP
patients in remission. Thus, no correlation between these inflam-
matory parameters (CRP and IL-6) and high VWF MM ratio was
established. The VWF antigen levels in patients were higher before,
at onset, and after the acute episode than patients in remission and
controls (Figure 4C). As previously reported,24 in patients in
continuing remission over up to 2 years, all 13 patients with an
12 SEPTEMBER 2023 • VOLUME 7, NUMBER 17



Table 2. Laboratory parameters of 16 well-documented acute iTTP episodes in 10 patients

Laboratory parameters at onset of the acute iTTP episode

Pat.ID Sex

Severity of the acute

episode (clinical score)*

Platelets

[cells/nL]

150-360

Hemoglobin [g/dL]

m 13.5-17.5

f 12.0-16.0

Schistocytes

[%]

<5%

Haptoglobin [g/L]

m 0.14-2.68

f 0.11-2.73

LDH

[U/L]

<245

VWF

antigen

[%]

42-176

VWF

activity

[%]

40-170

VWF MM

ratio

1.1-3.5

ADAMTS13

activity [%]

>50

ADAMTS13

antigen [μg/mL]

>0.5

ADAMST13

CI

<0.5

ADAMTS13

inhibitor

[BU/mL]

<0.5

IL-6

[pg/mL]

<7

TNI

[pg/mL]

<24

11 F Moderate (2) 97 11.1 10 0.09 307 242 336 3.1 1.4 0.24 7.57 0.3 <2 2.6

11 F Moderate (2) 54 7.2 17 <0.08 609 216 373 3.1 2.6 0.25 0.48 0.8 3 252.6

11 F Moderate (2) 65 9 5 0.82 444 228 >390 2.6 5.7 0.22 0.49 0 3 85.9

15 F Laboratory abnormalities only (0) 17 11.7 3 <0.08 506 214 199 2.6 <1.0 0.07 8.49 1.0 3.53 <1.95

32 M Moderate (2) 20 10.8 15 <0.08 527 226 215 2.2 <1.0 0.60 1.06 0.6 2 1.8

32 M Moderate (2) 60 12.2 4 <0.08 505 227 283 3.2 <1.0 0.09 13.45 1.3 <2 9.4

44 M Moderate (2) 88 9.9 14 <0.08 612 216 159 3.1 <1.0 0.20 3.9 2.6 3 133.6

45 F Mild (1) 30 9.6 17 <0.08 413 106 70 0.7 1.6 0.08 0.33 0.9 <2 15.7

45 F Moderate (2) 11 10.3 20 <0.08 697 162 130 0.9 <1.0 0.08 0.39 2.6 3 4.4

63 F Mild (1) 29 10.4 17 <0.08 488 68 43 0.4 <1.0 0.06 9.56 0.7 3 1.8

63 F Mild (1) 39 11.0 4 <0.08 297 78 69 2.8 4.8 0.17 5.13 1.4 <2 1.6

64 F Mild (1) 49 10.2 11 <0.08 560 243 235 1.8 2.2 0.11 4.32 0.6 44 53.9

79 F Moderate (2) 17 7.4 38 not done 749 177 149 0.5 <1.0 0.37 1.51 1.8 9 180.6

79 F Mild (1) 11 7.8 31 <0.08 634 99 74 1.4 1.3 0.08 1.36 1.7 3 13.9

85 F Severe (3) 6 6.9 23 <0.08 1678 261 not done 1.1 <1.0 0.05 4.03 1.2 14 2236.3

86 M Severe (3) 8 10.1 15 <0.08 1165 230 122 0.6 <1.0 0.03 3.95 2.6 24 13.2

BU, Bethesda Units; F, female; LDH, lactate dehydrogenase; M, male; Pat.ID, patient identification; TNI, troponin I.
*Clinical severity score for acute iTTP episodes.48
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ADAMTS13 activity <10% showed an open ADAMTS13 confor-
mation. In those in continuing remission with ADAMTS13 activity
>10%, the conformation was open in 50%. It appeared that the
higher the ADAMTS13 activity the more likely it is that ADAMTS13
has a closed conformation (Figure 4B). In 13 of 14 (93%) samples
obtained before an acute episode, an open ADAMTS13 confor-
mation was evident. At the beginning of the acute bout, 12 of 16
(75%) cases showed an open ADAMTS13 conformation whereas
in remission, after the acute iTTP, only 50% of cases still had an
open ADAMTS13 conformation (Figure 4B). Interestingly, the
lower the VWF MM ratio and the higher ADAMTS13 activity, the
more likely it is that the ADAMTS13 conformation is closed
(Figure 4A-B).

Discussion

The goal of this prospective single center cohort study on patients
with iTTP recruited and followed at the University Medical Center in
Mainz between July 2016 and August 2018 was to identify markers
associated with the disease course. Patients were enrolled during
hospitalization for acute iTTP episodes or as outpatients followed in
remission at ~3-month intervals. Clinical and laboratory data were
documented, and biobanking of plasma samples was performed.
Caplacizumab, nowadays recommended14,49,50 and used at many
specialized centers in parallel with TPE and corticosteroids during
hospitalization for acute iTTP,17,51-53 was not yet available during
the study period. Rituximab, now recommended both upfront in
acute iTTP episodes as well as preemptively in clinical remission
when ADAMTS13 activity drops below 10% to 20%,12,14,50,54,55

was not yet uniformly used in this cohort. Rituximab was given to
5 patients who were frequently relapsing during an acute iTTP
episode and only to 1 patient in clinical remission with a severely
deficient ADAMTS13 activity.
5098 FALTER et al
Persistent or recurrent deficiency of ADAMTS13 activity during
follow-up of survivors of acute iTTP is an established risk factor for
disease recurrence.18,56 However, 13 of the 83 included patients
in our cohort remained in clinical remission for up to 2 years despite
severely deficient ADAMTS13 activity of <10%. Open ADAMTS13
conformation, that is a CI of >0.5, a specific hallmark of iTTP23 was
recently shown to be caused by autoantibodies binding to
ADAMTS13.24 Also, long-term follow-up of 1 patients with iTTP
suggested that open ADAMTS13 conformation might precede
ADAMTS13 activity decrease24 and thus may be a potential early
indicator of impending iTTP relapse. Interestingly, 13 of 14
patients, from 2 days to 28 weeks before an acute clinical relapse
showed a CI >0.5, nevertheless all 13 patients with
ADAMTS13 <10% and half of those with ADAMTS13 ≥10%
remaining in clinical remission during the entire study period had an
open ADAMTS13 conformation as well. However, our study did not
focus on the comparative predictive value of ADAMTS13 activity,
CI, and the VWF MM ratio because of limited number of patients
and short follow-up. The ADAMTS13 CI is currently being tested
as predictive marker for biological or clinical relapse in a multi-
center cohort of patients in remission and normal ADAMTS13
activity (de Waele, Sakai et al manuscript in preparation).

Based on the fact that the hyperadhesive, ultra-large VWF
directly mediates microvascular platelet adhesion and aggrega-
tion and clinical and laboratory signs of acute TTP in animal
models,25,57 in this study we focused on the plasmatic VWF
MMs of our patients with iTTP. Although standardization of VWF
MM analysis seems to be still challenging,31 the commercially
available Hydragel 11 VWF MM kit represents a reproducible
assay to analyze the VWF MM distribution. Using constant
amounts of VWF for electrophoresis samples, preliminary testing
of a series of iTTP and control samples allowed to quantitate
high-, intermediate- and low-molecular weight VWF MMs, with
the high molecular weight VWF MMs split in a HMWM1 and a
HMWM2 fraction. The densitometrically assessed ratio of
HMWM2 to LMWM was reproducibly quantified and differed
between normal and iTTP plasma samples and between different
disease states in patients with iTTP.

First, the VWF MM ratio differentiated patients with iTTP in
remission with <10% ADAMTS13 activity from those with ≥10%.
Moreover, at the onset of acute iTTP before the first TPE, the VWF
MM ratio decreased, often to subnormal values which may be
explained by consumption of predominantly large and ultra-large
VWF MMs during the acute microvascular thrombotic pro-
cess.29,30 The most interesting finding was that plasma samples
obtained a few days to several weeks before acute disease relapse
showed significantly higher VWF MM ratios than to those from
patients remaining in continuous remission. The reason for this
unexpected finding of very high VWF MM ratios despite measur-
able ADAMTS13 activity (10%-26% of normal) in 5 of 14 cases,
remains elusive. IL-6 has been reported to inhibit VWF cleavage by
ADAMTS13 under flow conditions.20 IL-6 and CRP levels were not
elevated in samples before acute iTTP relapse and could not
explain this phenomenon. However, our data suggest that VWF
proteolytic processing may be impaired in distinct patients with
iTTP even in the presence of measurable ADAMTS13 activity and
that those patients may be at high risk of experiencing a clinical
iTTP relapse.
12 SEPTEMBER 2023 • VOLUME 7, NUMBER 17
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Our study is relatively small with limited numbers of patients
developing a clinical relapse, and the follow-up time with maximally
26 months was rather short. However, the hypothesis is raised that
VWF MM distribution, in addition to decreased ADAMTS13 activity
and open ADAMTS13 conformation, may be an important marker
heralding acute disease manifestation in patients with iTTP. A large,
prospective, probably multicenter study with regular follow-up of
patients with iTTP over several years should be undertaken to verify
the prognostic role of the VWF MM ratio and to hopefully clarify its
pathophysiology.
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Figure 4 (continued) ratio, ADAMTS13:act, and VWF:Ag values are shown before (n =

14), at the beginning (n = 16) as well as in remission after the acute episode (n = 20). On

the middle panel, patients with iTTP who were constantly in remission are grouped

according to ADAMTS13 values <10% (n = 13) and ≥10% (n = 54). An open

ADAMTS13 conformation is marked with red symbols, and a closed one is marked with

blue symbols in panels A-C. Controls are shown on the right side of panels A and C. Gray

background is the normal range of the VWF MM ratio assessed in controls.
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