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ABSTRACT

Anti-ADAMTS13 autoantibodies are the main cause of acquired thrombotic thrombocytopenic purpura. Binding
of these antibodies to ADAMTS13 eventually results in the formation of antigen—antibocgz immune complexes.
Circulating ADAMTS13-specific immune complexes have been described in patients with acquired thrombotic
thrombocytopenic purpura, although the prevalence and persistence of these immune complexes over time have
hitherto remained elusive. Here, we analyzed a large cohort of patients with acquired thrombotic thrombocy-
topenic purpura for the presence of free and complexed anti-ADAMTS13 antibodies. In the acute phase (n=68),
100% of patients had free IgG antibodies and 97% had ADAMTS183-specific immune complexes. In remission
(n=28), 75% of patients had free antibodies (mainly IgG) and 93% had ADAMTS13-specific immune complexes.
Free antibodies were mainly of subclasses IgG1 and IgG4, whereas IgG4 was by far the most prevalent in
ADAMTS13-specific immune complexes. Comparison of ADAMTS13 inhibitor and anti-ADAMTS13 IgG (total
and subclasses) antibody titers in acute phase and in remission samples showed a statistically significant decrease
in all parameters in remission. Although non-significant, a trend towards reduced or undetectable titers in remis-
sion was also observed for ADAMTS13-specific immune complexes of subclasses IgG1, IgG2 and IgG3. No such
trend was discernible for IgG4; IgG4 immune complexes persisted over years, even in patients who had been treat-

ed with rituximab and who showed no features suggesting relapse.

Introduction

Thrombotic thrombocytopenic purpura (TTP) is a life-
threatening disease characterized by hemolytic anemia,
severe thrombocytopenia and fluctuating organ dysfunction
(mainly renal and cerebral) due to the deposition of platelet-
rich thrombi in the microvasculature." A severe deficiency of
the plasma enzyme ADAMTS13 (a disintegrin-like and met-
alloprotease with thrombospondin type-1 repeats), due to
genetic mutations (congenital)’ or anti-ADAMTS13 autoanti-
bodies (acquired),’* is the main mechanism in the pathogene-
sis of TTP. Autoantibodies against ADAMTS13 are predomi-
nantly of the IgG class,”” particularly subclasses IgG4 and
IgG1,”" but autoantibodies belonging to classes IgM and IgA
have also been described.”"

Elevated levels of soluble circulating autoantibody-antigen
immune complexes are the hallmark of many autoimmune
diseases.”™ Deposition of circulating immune complexes in
tissues, mainly in capillary beds, promoting inflammation and
tissue damage, is the most relevant pathological mechanism
underlying immune complex-mediated diseases. Early reports
attributed the benefit of plasma exchange (PEX) therapy in
patients with TTP in part to the removal of circulating
immune complexes,” however, their presence remained
hypothetical for years as the underlying mechanism leading
to TTP had not yet been identified.”"® With the isolation of

inhibiting IgG antibodies against ADAMTS13 from plasma of
TTP patients, the presence of ADAMTS13-specific immune
complexes became plausible,” with the following observa-
tions supporting their existence: (i) removal of anti-
ADAMTS13 IgG antibodies also removed measurable resid-
ual ADAMTS13 antigen;® (ii) residual ADAMTS13 activity
was no longer measurable after plasma IgG depletion;” and
(iii) human IgG bound to ADAMTS13 were identified by
adaptation of a commercial ADAMTS13 antigen enzyme-
linked immunosorbent assay (ELISA).”

Recently, we demonstrated the presence of ADAMTS13-
specific immune complexes in a patient with refractory
acquired TTP using a co-immunoprecipitation technique.”
This observation prompted us to investigate the prevalence of
ADAMTS13-specific immune complexes in a large cohort of
patients with acquired TTP during the acute phase and in
remission. Results are discussed in terms of immune com-
plexes as a novel biomarker that may contribute to a better
understanding of the pathogenesis of acquired TTP and its
responsiveness to treatment.

Methods

Patients’ plasma samples
The study included 78 patients diagnosed with idiopathic acquired
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TTP. Sixty-eight patients were tested during the acute phase, with
48 patients experiencing their first acute episode and 20 a relapse.
For 18 of these patients, corresponding samples in clinical remis-
sion were also available. Ten patients were analyzed only during
remission, giving a total of 28 patients tested in remission. The
patients’ demographics and clinical features are summarized in
Table 1.

The inclusion criteria for patients with acute acquired TTP
were: presence of severe ADAMTS13 deficiency (<10%), throm-
bocytopenia (platelet count <150x10°/L), microangiopathic
hemolytic anemia (hemoglobin <12 g/dL) with presence of schis-
tocytes on the peripheral blood smear, and elevated lactate dehy-
drogenase levels (>450 IU/L). Fever, neurological symptoms or
renal failure were not mandatory. Remission was defined as a nor-
mal platelet count (>150x10?L) and no plasma exchange treat-
ment for =230 consecutive days. Relapse was defined as the reap-
pearance of clinical manifestation and/or laboratory data compat-
ible with TTP after remission.

Frozen citrated plasma samples were obtained from four inter-
national centers. The study was approved by the ethic committees
of the University Hospital of Berne, Switzerland; Medical
University of Vienna, Austria; Lille University Hospital, France;
and Icahn School of Medicine, New York, USA.

ADAMTS13 assays

ADAMTS13 activity (ADAMTS13:Ac) and ADAMTS13
functional inhibitor titers were measured using fluorometric
FRETS-VWE73 assay as described elsewhere.””” The limit of
quantification of ADAMTS13:Ac was 0.05 U/mL (5%); values
<0.10 U/mL (<10%) were considered severely reduced; levels of
0.10-0.50 U/mL as reduced and levels >0.5 U/mL as normal. An
inhibitor titer <0.7 BU/mL was considered negative. Plasma
ADAMTS13 antigen (ADAMTS13:Ag) levels were determined by
ELISA as described previously.” The reference range of the assay
was 403 — 907 ng/mL; the limit of quantification was 10 ng/mL.
Levels of 100 — 403 ng/mL were considered reduced, levels <100
ng/mL as severely reduced, and values <10 ng/mL as undetectable.

Detection of free anti-ADAMTS13 antibodies
by enzyme-linked immunosorbent assay

Free antibodies were detected as described elsewhere® with
modifications (Online Supplementary Methods).

Detection of ADAMTS13-specific immune complexes

Microtiter plates were coated with a polyclonal rabbit anti-
human ADAMTSI13 antibody. After blocking the non-specific
sites, diluted patient’s plasma samples and controls were added
and incubated overnight at 4°C. The next day, the immunoglobu-
lin fraction of the bound immune complexes was detected with
horseradish peroxidase-conjugated class-specific secondary anti-
bodies followed by detection with an appropriate chromogenic
substrate. For details, see Online Supplementary Methods and Online
Supplementary Figure S1.

An ELISA to detect total [gG-immune complexes was not estab-
lished, however, the total amount of I[gG-immune complexes was
investigated in selected patients by co-immunoprecipitation, as

described previously” (Online Supplementary Methods).

Statistical calculations

Levels of free and complexed anti-ADAMTS13 antibodies were
expressed as titers (Online Supplementary Methods).

Data are presented as the median with the range in brackets.
The statistical significance of the differences between values for
the acute phase and remission was assessed by the Mann-
Whitney rank sum test. The strength of the relation between dif-

ferent variables was analyzed using Spearman rank correlation. A
P-value of <0.05 was considered statistically significant. All statis-
tical analyses were performed with SigmaPlot (Systat Software,
San Jose, CA, USA).

Results

Detection of free and complexed anti-ADAMTS13
antibodies in patients with acquired thrombotic
thrombocytopenic purpura during the acute phase

Samples withdrawn from 68 patients with acquired
TTP during an acute event and before treatment were ana-
lyzed. ADAMTS13:Ac was <0.1 U/mL (<10%) in all
patients; ADAMTS13:Ag levels were undetectable in
16/68 (24%) patients, severely reduced (median 46 ng/mL;
range, 13-97) in 37/68 (54%) patients and reduced (median
128 ng/mL; range, 100-221) in 15/68 (22%) patients.
ADAMTS13 functional inhibitors were present in 59 of 60
(98%) patients tested, with a median inhibitor titer of 4.0
BU/mL (range, 0.8-250) (Table 2).

Analysis of the anti-ADAMTS13 antibody profile
showed free antibodies present in all the patients during
the acute phase, with free IgG, IgM and IgA anti-
ADAMTS13 antibodies detected in 68/68 (100%), 3/68
(4%), and 17/68 (25%) patients, respectively (Figure 1A).
Median antibody titers for IgG were 200 (range, 25-
12800), 100 (range, 25-6400) for IgA and 100 (range, 25-
200) for IgM. A comparison of titers between the function-
al inhibitor and free IgG revealed a statistically significant
correlation (r =0.434, P<0.001; data not shown).

IgG4 was detected in 63/68 (93%) of IgG-positive
patients, followed by IgGl (52/68, 76%), IgG2 (26/68,
38%), and IgG3 (15/68, 22%) (Figure 1A). IgG4 was
detected either alone (14/68, 21%) or in association with
other IgG subclasses (Ounline Supplementary Table S1).
Overall, the prevalence of free anti-ADAMTS13 antibod-
ies during the acute phase was in agreement with that pre-
viously reported.”’

ADAMTS13-specific immune complexes were detected
in 66/68 (97 %) patients during the acute event; among the
positively tested samples, ADAMTS13 immune complex-
es of classes IgG, IgM and IgA were found in 63/66 (95%),
2/66 (3%) and 15/66 (23%) patients, respectively (Figure
1B). Fifty-eight of 63 (92%) IgG-complex-positive patients

Table 1. Demographic and clinical features of patients with acquired TTP.
Sex, female/male 54/24

Median age, years (range) 41 (20-75)
N. of patients / total
Acute 68/78
Remission 28/18
Patients with samples only in remission 10/78
Patients with samples during the acute event and 18/78
in remission
Median platelet count, x10%L (range) in acute phase/n. 16 (3-72) /64
Median platelet count, x10”L (range) in remission/n. ~ 257 (160-451) /25
Renal involvement* in acute phase / n. 17/58
Neurological involvement in acute phase / n. 22/55

n: number of patients with available information. *Renal involvement was considered
to be present when creatinine levels were >1.2 mg/dL.



ADAMTS13-specific immune complexes -

had IgG4-complexes, 23/63 (37 %) patients had IgG1l-com-  (29%) patients, respectively (Figure 1C). The IgG subclass
plexes, 18/63 (29%) had IgG2-complexes and only 4/63  distribution of anti-ADAMTS13 antibodies in remission
(6%) patients had IgG3-complexes (Figure 1B). For most  did not differ substantially from that during the acute
patients, a match in the distribution of IgG subclasses for  event, with I[gG4 again being most prevalent (13/20, 65%),
free and complexed antibodies was noted. In only five followed by IgG1 (12/20, 60%), IgG2 (1/20, 5%), and 1gG3
patients who tested positive for free IgG antibodies, were  (1/20, 5%) (Figure 1C). However, median antibody titers
IgG-immune complexes not detected by ELISA; two of  were significantly lower in remission: 50 (range, 25-200)
these samples gave positive immune complex results for IgG and 50 (range, 25-100) for IgA; IgM was detectable
using co-immunoprecipitation. in only one patient at a very low titer (25). Among the 21
Comparison of titers between free antibodies and patients who presented with anti-ADAMTS13 antibodies
ADAMTS13-specific immune complexes revealed a statis-  in remission (75%), only 11 had functional inhibitors, six
tically significant correlation for IgG1 (r =0.465, P<0.001)  of whom with ADAMTS13 activity <0.1 U/mL (<10%).

and IgG4 (r =0.573, P<0.001) antibodies (data not shown). ADAMTS13-specific immune complexes were present

. . in 26/28 (93%) patients, with IgG-complexes, IgM-com-
Detection of free and complexed anti-ADAMTS13 plexes and IgA-complexes detected in 26/26 (100%), 3/26
antibodies in patients with acquired thrombotic (12%) and 6/26 (23%) patients, respectively (Figure 1D).
thrombocytopenic purpura during remission As observed for the acute event, I[gG4-complexes (24/26

Our cohort included 28 patients in remission, ten of patients, 92%) were the most prevalent, followed b
whom were studied only in remission, the other 18 IgGl-complexes (6/26;23%), IgG2-complexes (5/26; 19%)
patients were also analyzed at presentation with an acute  and IgG3-complexes (2/26; 8%) (Figure 1D).
event. Samples were taken at a median remission of 12 Comparison of titers between free antibodies and
months (range, 2-36). ADAMTS13:Ac was normal (medi- ADAMTS13-specific immune complexes revealed a statis-
an 0.79 U/mL; range, 0.50-1.70) in 15/28 (64%) patients, tically significant correlation in remission only for IgG4
reduced (median 0.38 U/mlL; range, 0.16-0.47) in 6/28 antibodies (r =0.6481, P<0.001) (data not shown).

(21%) patients and <0.1 U/mL (<10%) in the remaining In 14/16 patients with detectable immune complexes,
seven (25%) patients. ADAMTS13:Ag levels were normal ~ADAMTS13-specific immune complexes were present
(median 488 ng/ml; range, 425-722) in 12/28 (43%) even with normal ADAMTS13:Ac and ADAMTS13:Ag lev-
patients, reduced (median 261 ng/mL; range, 120-372) in  els. Moreover, ADAMTS13-specific immune complexes
14/28 (50%) patients and severely reduced (23 and 95 (mainly IgG4) were detected in the absence of free IgG anti-
ng/mlL, respectively) in 2/28 (7%) patients. ADAMTS13 ADAMTSI13 antibodies in seven out of eight patients in
functional inhibitors were present in 11/28 (39%) patients, remission. Only one patient tested negative for both free
with a median titer of 1.6 BU/mL (range, 0.8-3.3) and neg- and complexed antibodies. On the other hand, patients
ative in 17/28 (61 %) patients (Table 2). with undetectable or very low ADAMTS13:Ac during

Free anti-ADAMTS13 antibodies were detected in 21/28  remission exhibited higher titers of free and complexed
(75%) patients in remission, with IgG, IgM and IgA anti- antibodies (mainly IgG4) as well as functional inhibitor
bodies being detected in 20/21 (95%), 1/21 (5%) and 6/21 titers than those with a normalized ADAMTS13:Ac.

Table 2. Overview of the most relevant ADAMTS13-related parameters in patients with acquired TTP during the acute event and in remission.
Acute (n=68) Remission (n=28)

N. of patients/ Median value (range) N. of patients/ Median value (range)
(% of total) (% of total)
ADAMTS13:Ac (U/mL)
severely reduced (<0.10) 68 (100%) - 7 (25%) -
reduced 0 - 6 (21%) 0.38 (0.16-0.47)
normal 0 - 15 (54%) 0.79 (0.50—1.70)
ADAMTS13:Ag (ng/mL)
undetectable (<10) 16 (24%) - 0
severely reduced 37 (54%) 46 (13-97) 2 (1%) -
reduced 15 (22%) 128 (100-221) 14 (50%) 261 (120-372)
normal 0 - 12 (43%) 488 (425-122)
Functional inhibitor (BU/mL)
detectable 59 (98%)* 4.0 (0.8-250) 11 (39%) 1.6 (0.8-3.3)
undetectable (<0.7) 1 2%)* - 17 (61%) -
Anti-ADAMTS]13 antibodies
Free
detectable 68 (100%) - 21 (75%)
undetectable 0 - 7 (25%)
Complexed
detectable 66 (97%) - 26 (93%)
undetectable 2 (3%) - 2 (T%)

ADAMTS13:Ac, severely reduced levels <0.10 U/mL (<10%); reduced levels between 0.10 - 0.50 U/mL and normal levels >0.5 U/mL. ADAMTS13:Ag, severely reduced levels <100
ng/mL and reduced levels between 100 — 403 ng/mL.A dash denotes not calculated. *Total number of plasma samples available for analysis = 60.
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Comparison of free and complexed anti-ADAMTS13
antibodies during the acute event and in remission
Next, we compared ADAMTS13-related parameters of
the acute event with those upon remission in all 18
patients with available samples from both phases. During
the acute event, ADAMTS13:Ac was <0.10 U/mL (<10%)
in all the patients. In remission, ADAMTS13:Ac was nor-
mal (median 0.75 U/mL; range, 0.50-1.70) in 10/18 (56 %)
patients, decreased in 5/18 (28%) patients (median 0.34
U/mL; range, 0.16-0.44), and <0.10 U/mL (<10%) in 3/18
(17%) patients (Figure 2A). ADAMTS13:Ag levels were
reduced in 16 patients (median 39 ng/mlL; range, 15-206) in
the acute phase and undetectable in two patients. In
remission, ADAMTS13:Ag levels returned to normal lev-
els (median 481 ng/ml; range, 425-722) in 9/18 (50%)
patients and were low but detectable (median 241 ng/mlL,;
range, 23-353) in 9/18 (50%) patients (Figure 2A). A statis-
tically significant increase (P<0.001) in ADAMTS13:Ac
(median 0.51 U/mL) and ADAMTS13:Ag levels (median
32 ng/mlL versus 389 ng/ml) was observed in remission.
ADAMTS13 functional inhibitors were present in the

acute phase in all 18 patients, with a median titer of 7.7
BU/mL (range, 1-18) (Figure 2A). In remission, only 7/18
(39%) patients had detectable inhibitors (median titer 2.2
BU/mL; range, 0.8-3.3), with a statistically significant
decrease in titers (P<0.001) from the acute phase. Free IgG
anti-ADAMTS13 antibody titers also showed a statistically
significant decrease in remission (median IgG titer 600 ver-
sus 25; P<0.001) (Figure 2A). Highly significant decreases
were noted for the subclasses IgG1 (250 versus 25; P<0.001)
and IgG4 (1400 versus 25; P<0.001); for IgG2 and IgG3 the
differences in median titers were statistically significant
(P=0.002 and P=0.016, respectively) (Figure 2B). By contrast,
there was no statistically significant difference in
ADAMTS13-specific immune complex titers between the
acute event and in remission. While for IgG1-, IgG2- and
[gG3-immune complexes, a trend towards reduced or unde-
tectable titers in remission was perceivable, no such tenden-
cy was observed for IgG4-immune complexes (Figure 2B).
The presence of ADAMTS13-specific IgG-complexes in
the acute phase and in remission was also investigated by
co-immunoprecipitation in 17/18 patients. As expected,

Free anti-ADAMTS13 antibodies
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Figure 1. Prevalence of free and complexed anti-ADAMTS13 antibodies in patients with acquired TTP during the acute and remission phases.
Plasma samples were analyzed by ELISA for the presence of free and complexed IgG (total and subclasses), IgA and IgM anti-ADAMTS13 anti-
bodies during the acute event (n=68) and in remission (n=28). In the acute phase, 68/68 and 66/68 patients had detectable free and
ADAMTS13-specific immune complexes; in remission, 21/28 and 26/28 patients had detectable free and ADAMTS13-specific immune com-
plexes. The histograms represent frequencies of patients positive for each class of antibodies: (A, C) free anti-ADAMTS13 antibodies in acute
phase and in remission and (B, D) ADAMTS13-specific immune complexes in acute phase and in remission. Percentages of patients for IgG,
IgA and 1gM (free and complexed) were calculated using the total number of patients having positive antibodies. Percentages of patients pos-
itive for 1gG1-4 subclasses (free and complexed) were calculated using the number of IgG positive patients as 100%. Ab: antibodies; IC:
immune complexes.
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variations in IgG subclass composition, ELISA titers and
band intensities between patients were noted. For individ-
ual patients however, band intensities and ELISA titers
roughly correlated, indicating that both methods were
capable of adequately detecting ADAMTS13-specific
immune complexes (Online Supplementary Figure S2).

A similar comparison for ADAMTS13-specific IgA and
IgM antibody titers revealed that most patients who test-
ed positive for these two classes of antibodies in the acute
event still had detectable levels of free and complexed IgA
and IgM antibodies in remission, and that there was no
statistically significant difference in titers between the two
phases (Online Supplementary Figure S3).

Course of free and complexed anti-ADAMTS13
antibodies in three patients with acquired thrombotic
thrombocytopenic purpura during treatment

To understand the impact of different treatment modal-
ities on the levels of anti-ADAMTS13 antibodies, longitu-
dinal samples from three patients with acquired TTP cov-
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ering at least one acute event and subsequent remission
were analyzed.

At admission with a first acute episode, patient A had
undetectable ~ ADAMTS13:Ac and  very low
ADAMTS13:Ag levels, high functional inhibitor and free
IgG anti-ADAMTS13 antibody titers, and detectable
ADAMTS13-specific IgG2- and IgG4-complexes (Figure
3A). The patient was treated with daily PEX and corticos-
teroids but achieved clinical remission only after splenec-
tomy and rituximab administration. ADAMTS13:Ac and
ADAMTS13:Ag levels remained undetectable or very low
during the acute phase, reaching normal levels 1 year after
remission. Functional inhibitor and free IgG anti-
ADAMTS13 antibody titers remained high during the
acute phase but gradually decreased in remission until
they were no longer detectable. ADAMTS13-specific
immune complexes (mainly IgG4-complexes) were
detectable throughout the observation period by both
ELISA and co-immunoprecipitation. Thus, despite
absence of functional free antibodies and normal
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Figure 2. Comparison of ADAMTS13-related parameters and free and complexed anti-ADAMTS13 antibodies in individual patients between
the acute phase and in remission. Plasma samples from 18 patients with acquired TTP taken at presentation (Acute) and in clinical remission
(Remission) were analyzed for ADAMTS13 activity, ADAMTS13 antigen, ADAMTS13 functional inhibitor, anti-ADAMTS13 antibodies and
ADAMTS13-specific immune complexes. (A) Comparison of ADAMTS13:Ac, ADAMTS13:Ag, ADAMTS13 functional inhibitor and 1gG anti-
ADAMTS13 antibody titers. The lower values of the normal range (solid line) for ADAMTS13:Ac and ADAMTS13:Ag are 0.5 U/mL and 403
ng/mL, respectively. The limits of quantification (dashed line) for ADAMTS13:Ac, ADAMTS13:Ag and ADAMTS13 functional inhibitor is 0.05
U/mL, 100 ng/mL and 0.7 BU/mL, respectively. (B) Comparison of free and complexed 1gG1-4 anti-ADAMTS13 antibody titers between the
acute and remission phase. (*) and (**) indicate statistically significant differences at P<0.05 and P<0.001, respectively. ns: non-significant

difference. IC: immune complexes.
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ADAMTS13:Ac and ADAMTS13:Ag levels, immune com-
plexes were still detectable 2 years into remission.
Patients B and C relapsed during follow-up. Patient B
presented with undetectable ADAMTS13:Ac, very low
ADAMTS13:Ag levels, high functional inhibitor and free
IgG antibody titers and detectable IgG1- and IgG4-com-
plexes (Figure 3B). After treatment with PEX and cortico-
steroids all ADAMTS13 parameters normalized by day
15, whereas free and complexed anti-ADAMTS13 anti-
bodies were detectable by ELISA and co-immunoprecipi-
tation until remission. The patient experienced a relapse
76 days after the first acute event (day 1 of second acute
event) exhibiting a drop in ADAMTS13:Ac and
ADAMTS13:Ag levels, an increase in inhibitor as well as a
moderate increase in free and complexed anti-
ADAMTS13 antibody titers. The patient was treated with
corticosteroids and achieved clinical remission after 30
days. Over the next 3 months, ADAMTS13:Ac and
ADAMTS13:Ag levels returned to normal and inhibitor
and free anti-ADAMTS13 antibodies disappeared. In con-
trast, [gG4-complexes were still detectable by ELISA and
co-immunoprecipitation 4 months after remission.
Patient C was treated with daily PEX and corticosteroids
during the first acute event (Figure 3C). During the acute
phase and early remission, ADAMTS13:Ac was unde-
tectable or very low accompanied by low ADAMTS13:Ag
levels and moderate functional inhibitor and free IgG anti-
ADAMTS13 antibody titers. When the patient relapsed
(78 days after admission), ADAMTS13:Ac was unde-
tectable and free IgG anti-ADAMTS13 antibody and func-
tional inhibitor titers increased. The patient was treated
with PEX and corticosteroids until remission. Two doses
of rituximab were given during the early remission, which
resulted in an increase of ADAMTSI13:Ac and
ADAMTS13:Ag and reduced functional inhibitors. IgG
titers decreased but were still detectable up to 13 months
after remission. ADAMTS13-specific immune complexes
were detectable over time by co-immunoprecipitation but
hardly by ELISA (Figure 3C). After a 13-month follow-up,
ADAMTS13-specific immune complexes were no longer
detectable by either co-immunoprecipitation or ELISA.

Influence of rituximab treatment on free
and complexed anti-ADAMTS13 antibody levels

Clinical remission samples were available from ten
patients who had received rituximab during the acute
event. Despite this small population, a possible effect of
rituximab on anti-ADAMTS13 antibody levels was
assessed. The median remission for these patients was 2
years (range, 0.5-4 years). Five patients still had detectable
levels of free IgG anti-ADAMTS13 antibodies (median
titer 50; range 25-100) of subclasses IgG1 and IgG4 (Figure
4). ADAMTS13-specific immune complexes were detect-
ed in nine of the ten patients, and were mainly subclass
IgG4 (8/9 patients), with a median titer of 100 (range, 50-
200), although IgG1-complexes and IgG2-complexes were
also detected in a few patients (2/9 patients in both
instances). There were no statistically significant differ-
ences in ADAMTS13:Ac, ADAMTS13 functional inhibitor
titers or free and complexed anti-ADAMTS13 antibody
titers between rituximab-treated and non-treated patients
in remission (data not shown). Among the patients treated
with rituximab, only one (10%) relapsed, whereas 5/18
(28%) patients (median remission of 6 months; range, 6
months -1.5 year) not treated with rituximab relapsed.

Discussion

The pathogenesis of acquired TTP is characterized by
severe ADAMTS13 deficiency due to anti-ADAMTS13
autoantibodies, inhibiting its activity or enhancing its
clearance.*”” Binding of these antibodies to ADAMTS13
eventually results in the formation of antigen-antibody
immune complexes that might have a potentially patho-
genic role. In this study, we determined the prevalence of
free and complexed anti-ADAMTS13 antibodies in 78
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Figure 3. Dynamic course of ADAMTS13-related parameters in three
patients with acquired TTP. The dynamic course of ADAMTS13:Ac,
ADAMTS13:Ag, ADAMTS13 functional inhibitor, free IgG anti-
ADAMTS13 antibody titers and ADAMTS13-specific immune complexes
(ICs) was analyzed in three patients who experienced one (A) or two (B-
C) acute events with subsequent clinical remission within the observa-
tion period. For each patient, treatment with plasma exchange (PEX),
corticosteroids (CS), splenectomy or rituximab is indicated. The
immunoblots show the ADAMTS13-specific ICs of the IgG class as deter-
mined by co-immunoprecipitation. Pooled normal human plasma (NP)
served as a negative control. The bands of ~160 and ~140 kDa seen in
(B) for some time points most likely represent cleavage fragments of
ADAMTS13, as fragments of equal molecular weight were obtained
after digestion of rADAMTS13 with plasmin (data not shown). Similar
findings were obtained by Feys et al.* in samples of plasma from a
patient with acquired TTP. The position of ADAMTS13 in the gel (~190
kDa) was determined by loading 5 ng of rADAMTS13 (rA13). Ac: acute
event. The lower panel of each blot shows the corresponding free and
complexed anti-ADAMTS13 antibody titers as detected by ELISA, as well
as ADAMTS13:Ac, ADAMTS13:Ag and inhibitor titers. ADAMTS13:Ac
and ADAMTS13:Ag levels over 0.5 U/mL and 403 ng/mL are consid-
ered normal. For ADAMTS13:Ac, a dash denotes levels <0.10 U/mL
(<10%). A dash denotes an undetectable level. ND: not determined.




patients with acquired TTP. ADAMTS13-specific immune
complexes were detected in most patients during the
acute event (97 %; n=68) and in remission (93%; n=28),
with IgG4-complexes being the predominant subclass.

ADAMTS13-specific immune complexes were detected
with a newly developed ELISA-based assay and, as a com-
plementary method, a co-immunoprecipitation assay.” In
the ELISA, a polyclonal anti-ADAMTS13 antibody was
used to capture ADAMTS13-specific immune complexes
present in plasma; the composition of the immunoglobu-
lin fraction of the immune complexes was revealed by
antibodies directed against human IgG1-4, IgM and IgA. A
limitation of the ELISA set-up is that it only detects
immune complexes bearing an ADAMTS13 molecule
with accessible epitope(s) for the capturing antibody. As a
consequence, large complexes harboring many bound
antibody molecules on ADAMTS13 are likely to be under-
estimated. Co-immunoprecipitation circumvents this
problem as the immune complexes are isolated from plas-
ma through the Fc portion of the IgG fraction using
Protein G, and co-isolated ADAMTS13 is detected by sub-
sequent western blot analysis using an anti-human
ADAMTS13 antibody. However, this method fails to
reveal IgG subclass composition of the immune complex-
es, and quantification relies on densitometric evaluation of
immunoblot signals, which is prone to inaccuracy. Thus,
both methods have their strengths and weaknesses.
Nonetheless, we have proven that, for most samples, the
assays are comparable in sensitivity and specificity, mak-
ing them suitable for immune complex detection in plas-
ma. By contrast, previously employed methods detected
immune complexes only indirectly by measuring
ADAMTS13:Ag or ADAMTS13:Ac in IgG-depleted plas-
ma™” or by a poorly reported direct detection of the IgG
antibody portion of the ADAMTS13-immune complexes
using a commercial kit to quantify ADAMTS13:Ag levels
in a limited number of patients.”

The most relevant finding of our study was the detec-
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Figure 4. Detection of free and complexed antibodies in patients with
acquired TTP treated with rituximab and in remission for at least 1 year.
Plasma samples from patients (1-10) treated with rituximab during the
acute event were analyzed by ELISA for the presence of free and com-
plexed IgG anti-ADAMTS13 antibodies during clinical remission. The
duration of remission (y=years) is shown for each patient. ADAMTS13-
specific immune complexes were mainly of subclass IgG4. IC: immune
complexes.
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tion of IgG-immune complexes in 93% of patients in
remission, independently of the duration of the remission.
This strongly indicates that ADAMTS13-specific immune
complexes circulate in patients with acquired TTP patients
throughout the entire course of the disease and many
years after clinical remission. That immune complexes
were detectable in remission despite normalization of
other ADAMTS13-related parameters might be explained
by a low-level, steady-state production of autoantibodies
that is triggered by follicular dendritic cells. These accesso-
ry immune cells are frequently found in autoimmune dis-
eases to retain immune complexes on their surface for
years thereby providing a constant antigen depot for
memory B-cell stimulation.” Since only a limited number
of patients (6/28; 21%) tested in remission relapsed, the
clinical relevance of circulating ADAMTS13-specific
immune complexes in remission remains to be established
in prospective studies.

Free anti-ADAMTS13 IgG were mainly of subclasses
IgG1 and IgG4, in accordance with previous studies,” and
no IgG subclass switch was observed between the acute
phase and in remission. For most patients, the distribution
of subclasses for free and complexed IgG anti-
ADAMTS13 antibodies correlated, suggesting a similar
avidity for ADAMTS13 among IgG subclasses.
Interestingly though, ADAMTS13-specific immune com-
plexes were predominantly of subclass 1gG4 (92% of
patients during the acute phase and also 92% in remis-
sion), whereas all other subclasses were detected at a sub-
stantially lower rate (Figure 1).

IgG4 is usually the least effective IgG subclass in terms
of final effector functions because of its inability to acti-
vate complement via the classical pathway and its low
affinity to cellular Fcy receptors (FcyR).” The extent to
which IgG4 elicits effector functions depends on the
immunoglobulin’s environment. As a free monomer, IgG4
only interacts with high-affinity FcyRIA, while when part
of an immune complex, binding to the low-affinity
FcyRIIA, FcyRIIB and FcyRIIIA is also observed.
Interestingly, the size of the immune complexes also
affects the engagement with FcyR. Compared to small
IgG4-complexes, large IgG4-complexes show enhanced
binding to the low-affinity FcyR** suggesting that only
the latter species has the potential to trigger activation sig-
nals and effector functions.

However, IgG4 tends to form small immune complexes,
since in vivo, IlgG4 antibodies are involved in a half-molecule
exchange process rendering IgG4 antibodies functionally
monovalent for a specific antigen.* Furthermore, epitope
mapping studies revealed that in most cases, anti-
ADAMTS13 antibodies from TTP patients target a hot-spot
inside the ADAMTS13 spacer domain.”** It is, therefore,
conceivable that a substantial portion of the immune com-
plexes in TTP patients is composed of ADAMTS13 bound
to a single antibody molecule. Thus, one would expect that
ADAMTS13-specific IgG4-complexes are indeed small and
therefore exhibit limited effector functions. Notably, small
immune complexes are reported to escape clearance by the
reticuloendothelial system.” The resulting longer plasma
half-life of IgG4-complexes might contribute to their
prefential detection in the TTP patients’ samples.

Although the effector functions are limited, a pathogen-
ic role has been described for IgG4 in certain autoimmune
diseases, such as recruitment and activation of neu-
trophils, induction of leukocyte-dependent dermal-epider-
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mal separation and leukocyte-dependent tissue damage.
At least in some cases, these effects appear to be inde-
pendent of complement activation and FcyR binding;**®
however, the role of IgG4 antibodies in the pathogenesis
of acquired TTP needs further investigation.

Analysis of three patients during treatment and remis-
sion confirmed the presence of ADAMTS13-specific
immune complexes throughout the observation period
(Figure 3). This is consistent with results for a previously
described patient with refractory acquired TTP.*
Furthermore, the inverse correlation between free and
complexed anti-ADAMTS13 antibodies seen in this
patient during treatment was also discernible for the three
patients during the early acute event while on PEX.
However, no clear such trend was found in remission.
These findings may reflect the continuous variation in lev-
els of ADAMTS13, auto-antibodies and immune complex-
es throughout PEX therapy which also determines the rate
of immune complex formation and clearance. It appears
that the courses of free and complexed antibodies during
treatment are complex and depend on treatment modali-
ties as well as the responses of individual patients.

The current standard treatment for acute idiopathic TTP
is PEX and immunosuppressive therapy with cortico-
steroids. Over the last years, rituximab, a humanized anti-
body that targets CD20 expressed on mature and memory
B cells but not on plasma cells,” has successfully been
administered as an adjuvant therapy for refractory and
relapsing acquired TTP, and treated patients seem to ben-
efit through long-lasting remission.”* In our study, we
found that the ten patients treated with rituximab during
the acute event still had detectable free and/or complexed
anti-ADAMTS13 antibodies in remission; in some of the
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patients with long-term remission, ADAMTS13-specific
immune complexes were detectable even after years.
Moreover, there was no significant difference in free and
complexed anti-ADAMTS13 antibody titers in these
patients compared to those in patients not treated with rit-
uximab.

In summary, we have reported the findings of the first
comprehensive study on the presence of ADAMTS13-spe-
cific immune complexes in a large cohort of patients with
acquired TTP. ADAMTS13-specific immune complexes
persisted in a vast majority of patients during remission,
even in the presence of normal ADAMTS13:Ac and
ADAMTS13:Ag levels. Whether determination of circulat-
ing ADAMTS13-specific immune complexes in remission
is of value in predicting potential relapse needs to be fur-
ther investigated. Most immune complexes contained
IgG4, a subclass with limited effector functions, likely
only neutralizing ADAMTS13:Ac; nonetheless, future
work needs to address the role of ADAMTS13-bound
IgG4 antibodies in the pathogenesis of acquired TTP.
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