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Handling Editor: Dr Michael Makris Objectives: To assess the presence of ADAs in patients with iTTP who received
caplacizumab.

Methods: Immunogenicity data from patients with iTTP receiving caplacizumab once
daily plus TPE/immunosuppressive therapy in 4 clinical trials (TITAN, HERCULES, Post-
HERCULES, and a trial conducted in Japanese patients) in the clinical development
program were analyzed. ADA and modified ADA assays differentiated pre-Abs from TE
ADAs. A functional neutralizing antibody (NAb) assay and a neutralizing epitope char-
acterization assay (NECA) assessed the presence of ADAs with neutralizing potential. The
impact of ADAs on efficacy, pharmacokinetics/pharmacodynamics, and safety was
evaluated.

Results: Among 228 patients in 4 studies, prevalence of pre-Abs ranged from 17.1%
(TITAN) to 56.7% (HERCULES), while TE ADA prevalence ranged from 3.1% (HERCULES)
to 14.3% (Japanese study). The TE NAb-positive rate ranged from 0% (Japanese study) to
12% (Post-HERCULES) using the functional NAb assay and from 2.7% (Post- HERCULES)
to 14.3% (Japanese study) using the NECA. The presence of these antibodies did not
impact treatment efficacy or safety.

Conclusion: A complex immunogenicity assay strategy was required to define the pre-
Ab/TE ADA status of patients with iTTP treated with caplacizumab in a clinical trial
setting. In addition to the wide range of pre-Abs observed, few patients had detectable
TE ADAs or NAbs, neither of which affected efficacy/safety.

© 2024 The Authors. Published by Elsevier Inc. on behalf of International Society on Thrombosis and Haemostasis. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Essentials

» Therapeutic plasma exchange (TPE) complicates antidrug antibody (ADA) measurements.

« ADAs were measured in 4 clinical trials in patients with immune-mediated thrombotic thrombocytopenic purpura receiving caplacizumab.

« Pre-existing antibodies, treatment-emergent ADAs, and drug-neutralizing antibodies were assessed.

* None of the antibody types impacted clinical efficacy or safety with caplacizumab plus TPE.

1 | INTRODUCTION

Immune-mediated thrombotic thrombocytopenic purpura (iTTP), also
known as acquired thrombotic thrombocytopenic purpura, is a rare,
life-threatening hematologic disorder marked by the formation of
systemic microthrombi in small blood vessels [1]. iTTP develops due to
the formation of autoantibodies against ADAMTS13 (a disintegrin and
metalloproteinase with a thrombospondin type 1 motif, member 13),
an enzyme that cleaves von Willebrand factor (VWF). Severe defi-
ciency in ADAMTS13 activity leads to the accumulation of ultralarge
VWEF multimers, which results in unregulated platelet adhesion and
aggregation and microthrombi formation [1]. These microthrombi may
restrict blood flow to vital organs and lead to tissue ischemia, severe
thrombocytopenia, and microangiopathic hemolytic anemia [1,2]. Each
episode of iTTP puts patients at risk for significant morbidity and
mortality, with complications such as cerebral vascular events, acute
coronary events, acute renal injury, and bowel ischemia. Additionally,
30% to 40% of patients suffer at least one relapse requiring treatment
reinitiation [2], and long-term consequences include a higher risk of
stroke, hypertension, and depression [3,4].

The current standard of care for patients with iTTP includes daily
therapeutic plasma exchange (TPE), which replenishes ADAMTS13
and removes ultralarge VWF multimers and anti-ADAMTS13 auto-
antibodies [1,5,6], in combination with immunosuppressive therapy
(IST), which includes corticosteroids and biologic therapies such as the
anti-CD20 monoclonal antibody rituximab to suppress the underlying
autoimmune response [1,7]. In addition, for patients with iTTP expe-
riencing an acute event (a first event or a relapse), the International
Society on Thrombosis and Haemostasis 2020 TTP guidelines
recommend the use of caplacizumab in combination with TPE and IST
[7]. Caplacizumab is a bivalent anti-VWF humanized single-variable
domain immunoglobulin (Nanobody®) molecule that binds to the Al
domain of VWF, blocking the interaction of VWF with platelets.
Platelets are consequently prevented from binding to ultralarge VWF,
thus inhibiting microthrombi formation [8,9].

As part of its clinical development program, caplacizumab was
administered to patients with iTTP in the phase 2 TITAN trial, phase 3
HERCULES and Post-HERCULES trials, and a phase 2/3 trial in Jap-
anese patients (referred to hereafter as the Japanese trial). Time to

platelet count response and platelet count normalization were shown
to improve with caplacizumab treatment, as were long-term outcomes
and incidence of iTTP recurrence [10-13]. In all 4 trials, drug-induced
antidrug antibodies (ADAs) were measured and reported [10-13].
Induction of humoral immune responses by any protein-based bio-
logical therapy can trigger the formation of ADAs, which can lead to
drug inactivation, disruption of its intended targeting, and/or
increased clearance of drug-ADA complexes, thus compromising drug
efficacy [14]. Furthermore, the use of TPE alongside caplacizumab
treatment may complicate the measurement of ADAs by transferring
pre-existing antibodies (pre-Abs) via donor plasma or by dilution of
treatment-emergent ADAs (TE ADAs).

This analysis compiles the immunogenicity results from 4 clinical
trials in the caplacizumab clinical development program. Presence of
pre-Abs and TE ADAs was assessed, neutralizing potential of ADAs
was measured, and the effect of ADAs on caplacizumab efficacy,
pharmacokinetics, pharmacodynamics, and safety was evaluated.

2 | METHODS

2.1 | Study design and eligibility criteria
Immunogenicity data from all 4 iTTP clinical trials in the caplacizumab
development program were compiled and evaluated. Study design and
eligibility criteria for each of the 4 trials have been published previ-
ously [10-13].

TITAN (NCT01151423), a phase 2 trial, evaluated the impact of
caplacizumab vs. placebo in adults >18 years old who were experi-
encing an acute episode of iTTP, had a platelet count of <100 x 10%/L,
did not have active bleeding, and required plasma exchange [11].
Patients were randomized 1:1 to receive caplacizumab or placebo, in
addition to daily TPE and IST. An intravenous loading dose of capla-
cizumab 10 mg or placebo was administered from 6 hours to 15 mi-
nutes prior to the first TPE done on study (ie, after randomization).
This first on-study TPE was followed by subcutaneous (SC) adminis-
tration of 10 mg study drug. Throughout the TPE treatment period,
including tapering and TPE administered for exacerbations, study drug
was administered as a SC dose daily within 30 minutes after the end of
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each TPE session, and daily SC dosing was continued for 30 days after
the last TPE session. Patients received treatment for up to 90 days
and were followed up until 1 year after the last dose of study drug.

HERCULES (NCT02553317) was a phase 3 trial that assessed the
impact of caplacizumab vs. placebo in adults >18 years old with
clinical diagnosis of iTTP (defined as the presence of both thrombo-
cytopenia and microangiopathic hemolytic anemia with schistocytes
seen on blood smear) who had undergone exactly 1 TPE treatment
[12]. Patients were randomized 1:1 to receive caplacizumab or pla-
cebo, in addition to standard of care, which included daily TPE and
corticosteroids. Patients received an intravenous loading dose of
caplacizumab 10 mg or placebo from 6 hours to 15 minutes prior to
the first on-study TPE. Throughout the TPE treatment period, study
drug was administered as a SC dose daily within 2 hours of completing
TPE; daily SC dosing was continued for 30 days after the last TPE
session. Administration of caplacizumab or placebo could be extended
up to 28 days beyond the 30 days based on risk factors for TTP
recurrence, such as persistent severe ADAMTS13 deficiency, and was
accompanied by optimization of the IST (adjusted as needed). In cases
of disease recurrence (ie, where a new decrease in platelets required
reinitiating daily TPE at any time during the treatment period),
patients switched to open-label caplacizumab, although their initial
trial-group assignment remained blinded. There was a 28-day follow-
up period after the end of the treatment period. Any recurrences
during this follow-up period were managed with standard of care,
without restarting the trial regimen.

Post-HERCULES (NCT02878603) was a 3-year follow-up study
for patients who completed the HERCULES trial [13]. Following
completion of HERCULES, patients were invited to attend twice-
yearly visits for 3 years, starting with a baseline visit coinciding with
or scheduled within 1 month after the final 28-day follow-up visit in
HERCULES. Patients experiencing an iTTP recurrence during the trial
could receive open-label caplacizumab along with concurrent TPE and
IST until 30 days after the last daily TPE. Up to one TPE could be given
before initiating caplacizumab, as long as it was considered to be part
of the TPE for the treatment of the presenting iTTP episode. In case of
persistent signs and symptoms of underlying disease activity (eg, if
ADAMTS13 activity levels remained severely reduced), caplacizumab
treatment could be extended for up to a further 28 days. Patients with
contraindications to caplacizumab or those with other exclusion
criteria, such as pregnancy, were treated with TPE and IST. iTTP
recurrence was defined as recurrent thrombocytopenia requiring TPE
initiation in TITAN, HERCULES, and Post-HERCULES [11-13].

The phase 2/3 Japanese trial (NCT04074187) evaluated the impact
of caplacizumab in adults >18 years old with clinical iTTP (initial or
recurrent) that required initiation of daily TPE [10]. Clinical iTTP was
defined in this study as thrombocytopenia (platelet count <100 x 10%/L),
microangiopathic hemolytic anemia, and increased lactate dehydroge-
nase levels. Patients were eligible for inclusion if they had received no
more than one TPE treatment within the preceding 24 hours. The first
caplacizumab dose (10 mg) was administered IV any time from é hours to
15 minutes prior to the first on-study TPE, followed by a 10 mg subcu-
taneous SC injection after the first on-study TPE. Subsequently, patients
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received caplacizumab 10 mg s.c. once daily (within 2 hours of completing
TPE on days when TPE was administered), in addition to standard care,
throughout the TPE treatment period and for 30 days thereafter. The
minimum study period was the duration of daily TPE treatment plus 30
days of post-TPE treatment and 30 days of follow-up period. Caplacizu-
mab treatment was continued for additional 1-week periods in patients
whose ADAMTS13 activity profile remained <10% or those who had
other clinical signs of underlying immunologic disease. The maximum
extension period was 8 weeks; thus, the study period range was
approximately 2 to 6 months. The decision to reinitiate TPE was based on
patients’ risk of relapse during optimized immunosuppression, assessed
by ADAMTS13 activity measured weekly. iTTP recurrence was defined
as recurrent thrombocytopenia after initial recovery of platelet count
(confirmed platelet count >150 x 10°/L) with discontinuation of daily
TPE, requiring reinitiation of daily TPE [10].

All studies received approval from the ethics committee or insti-
tutional review board at each site, and all patients provided written
informed consent. In addition, the studies adhered to international
ethics guidelines such as the Declaration of Helsinki and the Inter-
national Council for Harmonization Good Clinical Practice Guidelines
[10-13]. For TITAN and HERCULES, an independent data and safety
monitoring board reviewed safety data [11,12].

2.2 | Sample collection and laboratory methods
Four assay techniques, including a conventional ADA assay, a modified
ADA (mADA\) assay, a functional neutralizing antibody (NAb) assay, and
a neutralizing epitope characterization assay (NECA), were used to test
patient samples from the 4 clinical trials for the presence of ADAs
(Figure 1). Full details of the ADA, mADA, NECA, and functional NAb
assays are provided in the Supplementary Methods. These different
methods were validated based on applicable health authority regulatory
guidelines and were all conducted at the same location [15,16].

ADA and mADA assay data were available for all 4 trials, and NAb
assay and NECA data were available for all trials except TITAN. ADAs
were assessed at multiple time points (Supplementary Table 1). In
TITAN, ADAs were assessed by the central laboratory at baseline
(ie, <1 hour prior to first study drug administration), at day 14 of the
treatment phase, on the day of last daily TPE (if after day 14 of
treatment phase), weekly during post-daily TPE, and at 1, 2, 3, 6, and
12 months of follow-up (once daily + 2 hours) using the validated
assays described below. In HERCULES, ADAs were evaluated at
baseline during day 1 of the daily TPE period, at day 1 (ie, week 1) of
the 30-day post-daily TPE period, and at the end of the 30-day post-
daily TPE period (ie, week 5, +1 day), and at the first (7 days after last
dosing, +1 day) and last (28 days, +1 day) follow-up visits. In patients
who participated in the treatment extension period of HERCULES,
ADAs were additionally assessed at week 9 (ie, 28 days after end of
the 30-day post-daily TPE period) and at any recurrence visit. In Post-
HERCULES, ADAs were assessed at baseline and every 6 months (+1
month) up to 36 months. In the Japanese trial, ADAs were evaluated
at baseline (day 1 of the daily TPE period), at day 1 (ie, week 1) of the
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FIGURE 1 Overview of assay types used to detect ADAs. Sensitivity

data for all assays were derived from the pooled serum of patients

with immune-mediated thrombotic thrombocytopenic purpura using an affinity-purified pAb Rb pool. These sensitivity thresholds align with
Food and Drug Administration guidance that screening and confirmatory IgG and IgM ADA assays achieve a sensitivity of at least 100 ng/mL
[15]. With respect to drug tolerance characteristics: in the presence of 10.0 pg/mL of drug, 257.7 ng/mL, 87.5 ng/mL, and <100.0 ng/mL affinity-
purified pAb Rb pool can be detected in the ADA, mADA, and NECA assays, respectively. The functional NAb assay was not found to be
sufficiently drug tolerant to measure NAbs under treatment. ADA, antidrug antibody; ANP, antibody with neutralizing potential;

HRP, horseradish peroxidase; mADA, modified antidrug antibody; NAb, neutralizing antibody; NECA, neutralizing epitope characterization

assay; pAb Rb, rabbit polycolonal antibody; VWF, von Willebrand factor.

30-day post-daily TPE period, and at the end of the 30-day post-daily
TPE period (ie, week 5, +1 day) or early termination visit, and at the
first (7 days after last dosing, +1 day) and last (28 days after last
dosing, +1 day) follow-up visits [10]. In patients who participated in
the treatment extension period of the Japanese trial, ADAs were
additionally assessed at week 9 (ie, 28 days after end of the 30-day
post-daily TPE period) and week 13 (ie, 56 days after end of the
30-day post-daily TPE period). For all trials, ADAs were evaluated
prior to the start of TPE or caplacizumab administration; ADAs were
also assessed when adverse events (AEs) and unscheduled visits
occurred [10-13].

Serum samples were assessed for the presence of pre-Abs, TE
ADAs, NAbs, and ADAs with neutralizing potential (ANPs) by a tiered
approach. First, overall ADAs, including pre-Abs and TE ADAs, were
measured using a Meso Scale Discovery electrochemiluminescence-
based bridging ADA assay; this assay was first used in TITAN and
optimized for subsequent studies. Briefly, a mixture of biotinylated
and sulfo-tagged caplacizumab was preincubated with patient serum,
allowing ADA-containing complexes to form. Samples were captured
on streptavidin-coated plates before detection. Samples from patients
who had detectable ADAs were then assessed for presence of TE
ADAs with a mADA assay. To differentiate pre-Abs from TE ADAs, a

modified version of caplacizumab that prevents binding of ADAs to
the C-terminus of caplacizumab (the predominant site of pre-Ab
binding) was used in detection, allowing measurement of TE ADAs.
Drug concentrations in the ADA samples were below the drug toler-
ance levels of the ADA and mADA assays. Although drug concentra-
tions were not expected to interfere with ADA detection, titers could
have been underestimated if drug was present in the sample. Further
details of the ADA/mADA assays are described in the Supplementary
Methods.

Finally, a functional NAb assay and a NECA (previously known as
an alternative NAb assay) were used to determine the neutralizing
potential of ADA-positive samples from the HERCULES, Post-
HERCULES, and Japanese studies. Functional NAb assays determine
if the detected ADAs are capable of functionally blocking caplacizu-
mab activity. Specifically, this ELISA-based assay assesses the inhibi-
tion of the VWF-platelet interaction by caplacizumab, given that the
presence of NAbs against caplacizumab restores the binding of VWF
to coated blood platelets, leading to an increase in assay signal. The
functional NAb assay is drug sensitive; sensitivity may be reduced by
residual caplacizumab in patient samples. Taking the limited drug
tolerance of the functional NAb assay into consideration, the use of
this method was restricted to baseline and drug wash-out samples.
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The NECA, described previously [17], detects ANPs and is similar to
the conventional ADA assay described above, except where an excess
of null-variant caplacizumab is added to the mixture of biotinylated
and sulfo-tagged caplacizumab. The null variant of caplacizumab
contains altered complementarity determining regions, making the
variant unable to bind to VWF in addition to ANPs (ie, while retaining
binding of ADAs directed to the framework regions, which are mostly
nonneutralizing). Details of the functional NAb and NECA assays are
described in the Supplementary Methods.

2.3 | Immunogenicity analyses

Immunogenicity data, specifically relating to pre-Abs, TE ADAs, and
NAbs, were analyzed to determine whether these antibodies impacted
efficacy, pharmacokinetic (PK), pharmacodynamic (PD), and safety
outcomes. In TITAN, the impact of pre-Abs and TE ADAs on PK/PD
profiles was evaluated by visual analysis of plots that correlated ADA
levels with PK and PD outcomes among patients in the caplacizumab
group. Also, the relationship between pre-Abs and TE ADAs and
safety measures was evaluated. In the HERCULES trial, time to
platelet count responses and drug concentrations were evaluated
based on patient classifications (ie, pre-Abs and/or TE Abs present/
absent) from the results of the different types of ADA assays (ie,
conventional ADA, mADA, functional NAb, and NECA). The impact of
pre-Ab and TE ADAs on time to platelet count responses was also
assessed through visual analysis of a Kaplan-Meier plot and inspec-
tion of tabulations outlining descriptive statistics for the responses. A
mean plot of PK concentrations based on patient classification (ie, pre-
Abs or TE Abs present/absent) and a scatter plot of PK concentrations
based on ADA, mADA, NAb, and NECA assay categories were eval-
uated. Ristocetin cofactor (RICO) activity and percentage change from
baseline VWF antigen (VWF:Ag) concentration were evaluated based
on ADA, mADA, NAb, and NECA categories; a mean plot of these
outcomes based on patient classification and scatter plots of these
outcomes based on ADA, mADA, NAb, and NECA categories were also
evaluated. The Post-HERCULES trial evaluated box plots comparing
the duration of iTTP between ADA, mADA, NAb, and NECA cate-
gories to assess the impact of immunogenicity on efficacy. The trial
also analyzed scatter plots of drug concentrations and RICO activity
based on ADA, mADA, NAb, and NECA categories. For the Japanese
trial, the impact of pre-Ab and TE ADAs on time to platelet count
responses was assessed through visual analysis of a Kaplan-Meier
plot. Scatter plots of drug concentrations, RICO activity, and per-
centage change from baseline VWF:Ag concentration based on ADA,
mADA, and NECA categories were evaluated. The association be-
tween hypersensitivity reactions and the presence of pre-Abs and/or
drug-induced TE ADAs was evaluated in the HERCULES, Post-
HERCULES, and Japanese trials.
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3 | RESULTS

3.1 | Immunogenicity outcomes
Immunogenicity data from patients with iTTP from the 4 clinical trials
were assessed. Table 1 shows the demographics for the intention-to-
treat populations (double-blind period only) across the 4 trials. TITAN
included 72 patients (of whom 71 received a treatment; caplacizumab,
n = 35), HERCULES included 145 patients (of whom 144 received a
treatment; caplacizumab, n = 71), Post-HERCULES included 104 pa-
tients (caplacizumab, n = 75), and the Japanese trial involved 21 pa-
tients (caplacizumab, n = 21). Twenty-six patients who received
placebo in the double-blind treatment period of HERCULES went on
to receive caplacizumab during the open-label treatment period,
bringing the total number of caplacizumab-treated patients in that
study to 97 (Table 2). In the Post-HERCULES study, 9 of 75 patients
required retreatment with caplacizumab. Data are presented here for
patients who only received caplacizumab in all 4 studies (n = 228).

Incidence of pre-Ab, drug-induced TE ADA, and TE NAb/ANP
were assessed as percentages of patients treated with caplacizumab in
each trial population. Across all 4 studies, 17.1% to 56.7% of patients
were positive for pre-Abs (TITAN, 17.1%; HERCULES, 56.7%; Post-
HERCULES, 26.7%; Japanese study, 38.1%; Table 2). Drug-induced
TE ADAs were detected in 3.1% to 14.3% of patients (TITAN, 8.6%;
HERCULES, 3.1%; Post-HERCULES, 10.7%; Japanese study, 14.3%).
TE functional neutralizing ADA (NAb) and TE ANP were measured in 3
of the 4 trials. TE functional NAbs were present in 2.1% of patients in
HERCULES and in 12.0% of patients in Post-HERCULES; no patients in
the Japanese study had detectable functional NAb. TE ANPs were
detected in 4.1% of patients in HERCULES, in 2.7% of patients in Post-
HERCULES, and in 14.3% of patients in the Japanese study. Overall,
titers of TE ADA-positive subjects were low, and no differences in
magnitude of response were observed between cohorts within a given
study.

The following sections will focus on results from HERCULES and
the Japanese study, as the results from these studies are represen-
tative of all; TITAN and Post-HERCULES are described in more detail

where relevant.

3.2 | Efficacy outcomes

In the largest cohort analyzed (HERCULES, N = 97), comparable time
to platelet count response was observed in patients who were nega-
tive for pre-Abs or TE ADAs, positive for pre-Abs only, or positive for
TE ADAs only (Figure 2A). Similarly, no effect of pre-Ab or TE ADA on
platelet count response was observed in the TITAN, Post-HERCULES,
or Japanese study populations when assessed by patients categorized
by their ADA, mADA, and NAb assay results (data not shown).



VAN BUTSEL ET AL

research & practice
in thrombosis & haemostasis

TABLE 1 Patient demographics in the intention-to-treat population for all trials.
TITAN [11] HERCULES [12]* Post-HERCULES [13] Japanese study [10]
NCT01151423 NCT02553317 NCT02878603 NCT04074187
Characteristic Caplacizumab Placebo Caplacizumab Placebo Caplacizumab Placebo Caplacizumab
Number of patients, N 36 39 72 73 75 29 21
Age, y (mean) 41 (19-72) 43 (21-67) 45 (18-77) 47 (21-79) 46 (12) 52 (14.8) 58 (21)
Female sex, n (%) 24 (67) 20 (51) 49 (68) 51 (70) 51 (68) 23 (79) 10 (48)
Race, n (%)
White 32 (89) 34 (87) 47 (65) 50 (68) 52 (69) 21 (72) Japanese: 21 (100)
Black 4(11) 5(13) 15 (21) 13 (18) 13 (17) 6 (21)
Asian - - 4 (6) 0 3(4) 0
Other - - 3(4) 1(1) 2(2.7) 0
Data missing - - 3 (4) 9 (12) 5(7) 2 (7)

?Double-blind period only.

3.3 | PK/PD outcomes

In the HERCULES trial, an increase in mean caplacizumab concen-
tration over time was seen in 2 patients with TE ADAs, and mean
caplacizumab concentrations appeared slightly lower in patients with
pre-Abs compared to those without pre-Abs (Figure 2B). While pre-
Abs did not influence the percentage change from baseline in
VWEF:Ag concentrations, patients who were positive for TE ADAs did
show an increase in VWF:Ag over time (Figure 2C). No apparent in-
fluence of pre-Abs, TE ADAs, or NAbs/ANPs on RICO activity was
observed (Figure 2D). In the Japanese trial, the caplacizumab con-
centration was slightly higher in patients with pre-Abs vs. those
without pre-Abs; there was no clear impact of TE ADAs or NAbs/
ANPs on caplacizumab concentration over time. Pre-abs, TE ADAs, or
NAbs/ANPs did not appear to impact RICO activity or percentage
change from baseline in VWF:Ag concentrations (data not shown).
Additionally, ADAs did not have an effect on RICO or VWF:Ag in the

TITAN (pre-Ab and TE ADA) or Post-HERCULES (pre-Ab, TE ADA, and
NAb/ANPs) trials.

3.4 | Safety outcomes
The rates of AEs and serious AEs were comparable in the caplacizu-
mab and placebo groups across the 4 trials in safety-evaluable pa-
tients (Table 3). AEs were reported in 91% to 100% of patients who
received caplacizumab and 90% to 100% of patients who received
placebo. Serious AEs were reported in 32% to 37% and 16% to 55% of
patients in the caplacizumab and placebo groups, respectively. Across
the 4 trials, no serious AEs were reported among patients with TE
ADAs.

No association was found between caplacizumab-binding anti-
bodies/ADAs and safety outcomes. In TITAN, no relationship was
found between pre-Abs or TE ADAs and AEs. In subgroup analyses

TABLE 2 Immunogenicity results in patients with iTTP treated with caplacizumab.

TITAN [11] HERCULES [12] Post-HERCULES [13] Japanese study [10]
NCT01151423 NCT02553317 NCT02878603 NCT04074187

Antibody type N = 35 N = 97¢ N = 75° N =21

Patients pre-Ab positive, n (%) 6 (17.1) 55 (56.7) 20 (26.7) 8 (38.1)

Patients drug-induced TE ADA 3 (8.6) 3(3.1) 8 (10.7) 3(14.3)

positive, n (%)

Patients TE NAb positive, n (%) N/A 2(2.1) 9 (12.0) 0 (0)

(NADb assay)

Patients TE NADb positive, n (%) N/A 4 (4.1) 2(2.7) 3(14.3)

(NECA)

ADA, antidrug antibody; iTTP, immune-mediated thrombotic thrombocytopenic purpura; NAb, neutralizing antibody; NECA, neutralizing epitope

characterization assay; pre-Ab, pre-existing antibody; TE, treatment-emergent.

All patients who were treated with caplacizumab (either during the double-blind period only and/or during the open-label period; n = 97).

BA total of 9 patients were re-treated with caplacizumab.
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day; Pre-AB, pre-existing antibodies PK, pharmacokinetic; RICO, ristocetin
factor; VWF:Ag, von Willebrand factor antigen; W, week.

performed in the HERCULES, Post-HERCULES, and Japanese studies,
there was no association between hypersensitivity reactions and the

presence of pre-Abs and/or drug-induced TE ADAs.

4 DISCUSSION

This analysis of data from the 4 completed trials in the caplacizumab
clinical development program demonstrates that caplacizumab treat-
ment is associated with a low incidence of TE ADAs and TE ADAs with

cofactor activity; TE, treatment-emergent; VWF, von Willebrand

neutralizing potential in patients with iTTP. The proportion of patients
with pre-Abs varied across studies, with the highest proportion in
HERCULES and the lowest in TITAN. The incidence of drug-induced
TE ADAs did not exceed 15% in any trial. Furthermore, presence of
antibodies did not appear to impact the primary efficacy endpoints in
the HERCULES (time to platelet count response) or Japanese (recur-
rence of iTTP) studies. For PK/PD outcomes, although caplacizumab
concentration varied slightly according to presence of pre-Abs, there
was no apparent impact of any antibody type on RICO activity or

change from baseline in VWF:Ag concentrations. It is important to
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TABLE 3 Overall safety outcomes.

TITAN [11]
NCT01151423
Safety population

HERCULES [12]
NCT02553317
ITT population

Post-HERCULES [13]
NCT02878603
ITO population

Japanese study [10]
NCT04074187
mITT population

AEs Caplacizumab Placebo Caplacizumab
Number of patients, N 35 37 72

AEs 34 (97) 37 (100) 68 (96)

SAEs 13 (37) 12 (32) 23 (32)
Bleeding-related AEs 19 (54) 14 (38) 46 (65)

Death 0 2 (5) 1(1)

Placebo Caplacizumab Placebo Caplacizumab
73 75 29 21
66 (90) 68 (91) 26 (90) 21 (100)
12 (16) 28 (37) 16 (55) 5(24)
35 (48) 16 (21) 9 (31) 7 (33)
3(4) 0 1(3) 0

AE, adverse event; DB, double-blind; ITO, intention to observe (all enrolled patients); ITT, intention to treat (all randomized patients); mITT, modified
intention to treat (enrolled patients who received >1 dose of study drug); OL, open-label; SAE, serious adverse event.

note that the overall numbers of TE ADA-positive subjects in the
studies to date are relatively small, and conclusions regarding varia-
tions between studies cannot be drawn. No association was noted
between antibody presence and safety outcomes in any of the studies.

The results of this analysis showed that pre-Abs were more
common than TE ADAs in caplacizumab-treated populations in TITAN,
HERCULES, Post-HERCULES, and the Japanese study. TPE can
complicate the measurement of ADAs by transfer of pre-Abs via
donor plasma or by dilution of TE ADAs, potentially skewing assess-
ment of caplacizumab immunogenicity or efficacy. The use of the
mADA assay in caplacizumab clinical studies reduced the signal from
pre-Abs and enabled differentiation between pre-Abs and TE ADAs,
which provided a more accurate assessment of the immune responses
to caplacizumab. However, while the signal is reduced via this bio-
analytical strategy, full exclusion of pre-Abs in the assay cannot be
guaranteed.

The process of measuring pre-Abs accurately could be simplified if
patients did not also receive TPE; on this note, the MAYARI study
should be mentioned. The MAYARI study is an ongoing phase 3, open-
label, single-arm trial that aims to evaluate the efficacy and safety of
caplacizumab and IST without first-line TPE in adults with iTTP [16].
Without the potential interference of TPE, the therapeutic approach
adopted in MAYARI will hopefully allow for a more straightforward
evaluation of the immunogenicity of caplacizumab. The MAYARI study
will utilize only the NECA assay for ANP detection because this
method is considered to have good sensitivity properties and also
meets drug tolerance requirements; the latter criterion is not fulfilled
with the functional NAb assay [17].

Notably, caplacizumab is the first approved Nanobody®-based
medicine for the treatment of iTTP [18]. Ozoralizumab, used for in-
flammatory diseases such as rheumatoid arthritis, is another approved
Nanobody®-based medicine that showed no impact of immunoge-
nicity on safety and efficacy in clinical trials, which should be
encouraging for both patients and physicians [19,20].

To the best of our knowledge, this is the first comprehensive
report of the immunogenicity response in patients with iTTP who

received caplacizumab. Strengths of this study include the robust

bioanalytical strategy that used 4 types of assays, allowing differen-
tiation of pre-Abs from TE ADAs and characterization of the immune
response for the neutralizing potential of detected ADAs. The wide
geographic range across the 4 separate trials allowed for assessment
of ADAs in diverse patient populations.

In conclusion, a robust assay strategy was able to demonstrate
the levels of pre-Ab and TE ADA in patients with iTTP receiving
caplacizumab after TPE. This study found that pre-Abs were common
in some populations, but TE ADAs and NAbs/ANPs were not
commonly observed in any of the tested populations, signifying that
de novo development of ADAs to caplacizumab does not occur
frequently. Moreover, pre-Abs, TE ADAs, and NAbs/ANPs do not
appear to impact caplacizumab efficacy or safety, supporting the use
of caplacizumab as an ongoing, reliable treatment option for patients
with iTTP.
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