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KEY PO INTS

�We developed a
thrombolytic fusion
protein that targets
VWF for plasmin-
dependent degradation
of fibrin-poor
microthrombi.

� This strategy is superior
to blockade of platelet-
VWF interactions in a
preclinical mouse model
for microvascular
thrombosis.

Thrombotic microangiopathies are hallmarked by attacks of disseminated microvascular
thrombosis. In thrombotic thrombocytopenic purpura (TTP), this is caused by a rise in
thrombogenic ultra-large von Willebrand factor (VWF) multimers because of
ADAMTS13 deficiency. We previously reported that systemic plasminogen activation is
therapeutic in a TTP mouse model. In contrast to its natural activators (ie, tissue plas-
minogen activator and urokinase plasminogen activator [uPA]), plasminogen can directly
bind to VWF. For optimal efficacy and safety, we aimed to focus and accelerate plas-
minogen activation at sites of microvascular occlusion. We here describe the develop-
ment and characterization of Microlyse, a fusion protein consisting of a high-affinity
VHH targeting the CT/CK domain of VWF and the protease domain of uPA, for localized
plasminogen activation on microthrombi. Microlyse triggers targeted destruction of
platelet-VWF complexes by plasmin on activated endothelial cells and in agglutination
studies. At equal molar concentrations, Microlyse degrades microthrombi sevenfold
more rapidly than blockade of platelet-VWF interactions with a bivalent humanized

VHH (caplacizumab*). Finally, Microlyse attenuates thrombocytopenia and tissue damage (reflected by increased
plasma lactate dehydrogenase activity, as well as PAI-1 and fibrinogen levels) more efficiently than caplacizumab*
in an ADAMTS132/2 mouse model of TTP, without affecting hemostasis in a tail-clip bleeding model. These findings
show that targeted thrombolysis of VWF by Microlyse is an effective strategy for the treatment of TTP and might
hold value for other forms of VWF-driven thrombotic disease.

Introduction
Thrombotic microangiopathies are a collection of disorders in
which catastrophic disseminated thrombosis of the microvascula-
ture is a central feature.1 In thrombotic thrombocytopenic pur-
pura (TTP), this is caused by ADAMTS13 deficiency. This is
generally the result of autoantibodies against ADAMTS13, which
clear and neutralize the protease (acquired TTP [aTTP]). TTP has
an unpredictable episodic nature, and acute attacks are hall-
marked by deep consumptive thrombocytopenia: microthrombi
that occlude the vasculature, deplete the systemic circulation
from platelets. This leads to ischemic injury in various tissues,
accompanied by a severe risk of bleeding. The current standard
of care for acute aTTP attacks includes plasma exchange to
remove autoantibodies and restore ADAMTS13 activity. Long-
term therapeutic strategies include immune modulation to
reduce autoantibody levels.

The interaction between platelet glycoprotein Iba (GPIba) and
von Willebrand Factor (VWF) drives the formation of microthrombi
in TTP. This does not require platelet activation, coagulation
system activation, or fibrin formation.2 Recently, a bivalent single-
chain antibody (VHH; nanobody) that blocks the binding of plate-
lets to the VWF A1 domain for treatment of aTTP was developed.
Administration of this nanobody (INN: caplacizumab) in combina-
tion with plasma exchange shortens acute TTP attack duration
from 5 days to 3 to 4 days. This was demonstrated by a faster
normalization of the platelet count3 and reduced need for plasma
exchange (by 39%), which has a large impact on the organ dam-
age that patients sustain during attacks.4 In essence, shortening
the attack duration is critical to the management of TTP.

We previously found evidence for activation of endogenous
plasminogen in patients during TTP attacks.5,6 We proposed an
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auxiliary role of plasmin as a VWF-cleaving enzyme in this setting
and subsequently demonstrated that systemic plasminogen acti-
vation (with a bacterial plasminogen activator) attenuated throm-
bocytopenia in a murine TTP model.5 Subsequently, we
demonstrated that endogenous plasminogen activation regu-
lates disease severity in a mouse model for aTTP.6 These find-
ings led us to believe that exploiting the VWF-cleaving
properties of plasmin holds therapeutic value. While plasmino-
gen can directly bind to VWF in a lysine-dependent manner,5

neither tissue plasminogen activator (tPA) nor urokinase plasmin-
ogen activator (uPA) can bind VWF directly. Strategies to bring
plasminogen activators to VWF should hold value for the treat-
ment of TTP.

We here set out to develop a new thrombolytic agent for the
destruction of platelet-VWF complexes. Two forms of platelet-
targeting thrombolytic agents are currently under development.
Firstly, an innovative sc-Fv against glycoprotein IIb/IIIa (GPIIb/
IIIa) was fused to the protease domain of uPA.7 This fusion pro-
tein only binds to this platelet-specific integrin in its activated
state, which requires platelet activation. A similar compound
against GPIIb/IIIa was developed that does not require platelet
activation but does require thrombin for zymogen activation.8

However, TTP is considered a fibrin-poor thrombotic disorder,2

and the critical interaction between GPIba and VWF does not
require platelet activation.9 We, therefore, engineered a VWF-
targeting plasminogen activator for plasmin-mediated destruc-
tion of platelet-VWF complexes that is not critically dependent
on the presence of fibrin-, thrombin-, or platelet activation.

Methods
A detailed list of reagents and methods is supplied in the sup-
plemental Data.

Disruption of VWF-platelet agglutinates in vitro
Blood platelets were isolated from citrated human whole blood
as previously described.5 Platelets (200.000/mL) were incubated
with VWF (5 mg/mL), plasminogen (100 mg/mL), and the platelet
aggregation inhibitors RGDW (200 mM) and iloprost (0.4 mg/mL)
for 15 minutes at 37�C in a light transmission aggregometer
while mixing at 900 rpm. Platelet agglutination was triggered
with ristocetin (0.6 mg/mL). After 6 minutes, the Microlyse
variants (1 mg/mL; 20.7 nM) or caplacizumab* (0.67 mg/mL;
20.7 nM) were added and agglutinate lysis was monitored. For
all samples, time points were determined at which microthrombi
were lysed by 50% (ie, from the moment of adding the con-
structs). Results were processed in GraphPad Prism 9.2 and ana-
lyzed by 1-way ANOVA.

After these experiments, samples were fixed immediately in 2 mL
formaldehyde in HT buffer (0.15% wt/vol in HEPES-Tyrode; 10
mM HEPES, 145 mM NaCl, 5 mM KCl, 0.5 mM Na2HPO4, 1 mM
MgSO4, pH 5 7.4) for 10 minutes and centrifuged 15 minutes at
500 3 g. Pellets were resuspended in 150 mL rabbit anti-
urokinase polyclonal antibody (1 mg/mL in HEPES Tyrode's [HT]
buffer, pH 5 7.4) for 45 minutes at room temparature (RT). After
adding 1 mL of formaldehyde in HT buffer, the samples were
centrifuged for 15 minutes at 500 3 g, and the pellet was resus-
pended in 150 mL goat anti-rabbit-Alexa488 (1 mg/mL in HT
pH 5 7.4). After 45 minutes at RT, 2 mL of formaldehyde in HT

buffer was added, and samples were analyzed by FACS
(Canto II).

In vivo efficacy and safety of Microlyse and
caplacizumab* in a TTP mouse model
All animal studies were performed at the animal institution of
KU Leuven in accordance with protocols approved by the Insti-
tutional Animal Care and Use Committee (project numbers:
P009/2020, P051/2021). Female and male Adamts132/2 mice
(CASA/Rk-C57BL/6J-129X1/SvJ background) of 8 to 12 weeks
old were used. Blood was collected at baseline (7 days prior to
TTP challenge) in either trisodium citrate (5:1 vol/vol of blood:
3% trisodium citrate) or EDTA (10:1 vol/vol of blood: 0.5 M
EDTA). To induce TTP, mice were anesthetized using isoflurane
and intravenously injected with 2250 U/kg recombinant human
VWF (rhVWF; Takeda, Vienna, Austria). After 15 minutes, mice
were given an IV injection with saline, Microlyse variants, or
caplacizumab*. Throughout our studies, we assumed a circulat-
ing blood volume in mice of 80 mL/kg.

Tail-clip bleeding model Thirty minutes after TTP induction (ie,
15 minutes after treatment initiation), hemostasis was evaluated
using the tail-clip bleeding assay. Hereto, a segment of 5 mm
was amputated from the distal end of the tail, using a scalpel,
and the tail was immediately immersed in 0.9% NaCl at 37�C.
The time until the blood loss ceased completely was monitored
up to 600 seconds. Finally, blood was collected in EDTA via
retro-orbital puncture, where after the mice were sacrificed by
cervical dislocation. Total blood cell counts were analyzed on
EDTA blood samples within 30 minutes after blood draw, with a
Hemavet 950 hematology system (Drew Scientific, Dallas, TX).

Mice that did not undergo the tail-clip procedure were termi-
nated 24 hours after TTP induction, and whole blood was col-
lected for further analysis. Plasma was isolated from citrated
blood samples by centrifugation at 2000 3 g for 10 minutes
and stored at -80�C. Total blood cell counts were analyzed in
EDTA blood samples within 30 minutes after blood draw with a
Hemavet 950 hematology system. Mice were sacrificed under
deep anesthesia with isoflurane. Blood smears were made from
EDTA blood, stained with May-Gr€unwald-Giemsa, and analyzed
using a light microscope (Zeiss).

Lactate dehydrogenase (LDH) activity LDH activity was mea-
sured in citrated plasma samples using an LDH activity colori-
metric assay kit (Biovision, Milpitas, CA) according to the
manufacturer’s instructions.

Results
Development and biochemical characterization
of Microlyse
ADAMTS13 cleaves VWF in its A2 domain while plasmin cleaves
in the linker sequence between the A1 and A2 domains (sche-
matic overview in supplemental Figure 1A); both cleavage
events require VWF unfolding and lower its thrombogenic-
ity.10,11 Plasminogen binds to VWF and the recombinant VWF
A1 domain in a lysine-dependent manner.5 We fused anti-VWF
VHH’s to the protease domain of human uPA (mini-uPA) via a
Gly/Ser-linker, to develop a VWF-targeting plasminogen activa-
tor for localized plasminogen activation (called Microlyse)
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Figure 1. Microlyse design and characteristics. (A) Microlyse design. Microlyse is a single polypeptide composed of the enzymatic domain of uPA, fused together
with a VWF-targeting VHH through a glycine-serine linker sequence. (B) Microlyse variants (20.7 nM) gain urokinase-like activity in buffer after activation by 11.6 nM
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(Figure 1A). Hereto, we selected 2 distinct anti-VWF VHH's as
targeting moieties (resulting in Microlyse variants #1 and #2).
We developed a third Microlyse variant (Neg-Microlyse) contain-
ing a nontargeting VHH as a negative control. The VHH (R2) in
Neg-Microlyse was raised against the exogenous azo-dye Reac-
tive Red 6 and is commonly used as a negative control in vari-
ous animal studies.12,13 We chose the catalytic domain of uPA
as a plasminogen activator due to its characteristic intrinsic
single-chain activity,14 which efficiently drives autocatalytic,
reciprocal plasminogen activation.15

All 3 Microlyse variants express as single-chain molecules (supple-
mental Figure 1B) and do not display detectable enzymatic activity
after purification (supplemental Figure 1C). They develop enzymatic
activity after activation by plasmin (Figure 1B) and support autocat-
alytic plasminogen activation in a buffered system, as well as in
plasma (Figure 1C and D, respectively). These experiments show
that these Microlyse variants are produced in a zymogen state that
can initiate plasminogen activation, similar to full-length uPA.

Binding studies show that both Microlyse variants bind with high
apparent affinities to immobilized VWF (Figure 1E), whereas Neg-
Microlyse does not. Moreover, all Microlyse variants are incapable
of binding to immobilized fibrin (supplemental Figure 1D).
In contrast, tPA selectively binds to fibrin, but not to VWF
(supplemental Figure 1D and E, respectively).

VWF supports several critical interactions: factor VIII (FVIII) bind-
ing is mediated through sequences within the D’D3 of VWF,16

while collagen- and platelet binding is mediated through its
A-domains. Finally, the VWF D4-C1 domains support binding to
platelet glycoprotein IIb/IIIa and ADAMTS13. To rule out poten-
tial adverse effects, we set out to determine the exact binding
epitope for the Microlyse variants on VWF.

Microlyse #1 and #2, but not Neg-Microlyse, capture recombi-
nant full-length VWF from solution (Figure 1F). Similarly, both
Microlyse #1 and #2 capture VWF from plasma of multiple spe-
cies, although Microlyse #2 reacted with a broader range of spe-
cies than Microlyse #1 (supplemental Figure 1G). None of the
Microlyse variant captures recombinant A1-A3 domains, while
the bivalent single-domain antibody caplacizumab* (caplacizu-
mab, but with an N-terminal His6-tag and C-terminal Myc-tag)
captures it successfully (supplemental Figure 1H). This is in line
with its binding site in the VWF A1 domain.17 In contrast, both
Microlyse #1 and #2, as well as caplacizumab*, captured a VWF
deletion mutant lacking the D4-C1 domains (supplemental Fig-
ure 1I). Together these findings rule out the centrally positioned
A1-C1 domains as binding sites for both Microlyse variants
(VWF schematic overview) (supplemental Figure 1A), leaving the
N-terminal D’D3 domains and C-terminal C2-CT/CK domains for
further investigation.

We next identified that Microlyse #1 is unable to capture a
VWF-truncation variant lacking the N-terminal D’D3 assembly,

while Microlyse #2 does (Figure 1F). Conversely, Microlyse #1 is
able to capture recombinant VWF D’D3 domains, while Micro-
lyse #2 cannot (Figure 1G). Interestingly, Microlyse #1 disrupts
the binding of FVIII to VWF in plasma, while Microlyse #2 does
not (Figure 1H). Together these experiments show that Micro-
lyse #1 binds to the D’D3 assembly and competes with FVIII.

As it does not bind to any of the domains between D’D3 and
C1, Microlyse #2 should bind to the C-terminal C2-CT/CK region
of VWF. We next developed C-terminal VWF truncation variants
(expression data in supplemental Figure 1J) to further identify the
correct domain. Microlyse #2 captures full-length VWF, but not
any of the variants lacking the CT/CK domain (Figure 1I), whereas
Microlyse #1 does. Conversely, only Microlyse #2 captures
recombinant CT/CK domain (Figure 1J; expression data in sup-
plemental Figure 1K). These data demonstrate that the binding
site for Microlyse #2 is located within the CT/CK domain.

Finally, confocal microscopy confirms that Microlyse (without
plasminogen) binds to elongated platelet/VWF complexes that
form on the surface of activated HUVEC (“beads on a string”).
Indeed, both Microlyse variants and caplacizumab*, but not
Neg-Microlyse or tPA, bind to these strings (Figure 2A; com-
pounds in green, platelets in red). In flow cytometry experi-
ments, we triggered VWF binding to platelets in diluted whole
blood with ristocetin. Under these conditions, Microlyse is
recruited to platelets in a VWF-dependent manner, while Neg-
Microlyse is not (Figure 2B). As disruption of FVIII binding is
undesirable to the safety profile of Microlyse, and Microlyse #2
has better binding properties, we selected Microlyse #2 as our
lead compound for further investigation, naming it Microlyse
from here on forward.

Functional properties of Microlyse
Microlyse was designed to bind to VWF, which should act as a
template for plasminogen activation. In a series of experiments,
plasmin generation by Microlyse was examined with a fluoro-
genic substrate in the presence of globular VWF or open VWF
(VWF and ristocetin). Here, open VWF accelerated plasmin gen-
eration in the presence of Microlyse, and, to a lesser extent, by
Neg-Microlyse (Figure 3A-B; note that ristocetin does not exclu-
sively bind VWF18). By comparison, the targeting properties of
Microlyse in these experiments under static conditions acceler-
ate plasminogen activation �2-fold, and the maximal plasmin
activity in assay is �20% higher (Figure 3C and D, respectively).
In short, open VWF polymers form a template for Microlyse-
dependent plasminogen activation.

In a similar manner, we explored the thrombolytic properties of
platelet-VWF complexes in a buffered system. Platelet agglutina-
tion was triggered in cuvettes by adding ristocetin to washed
platelets in the presence of VWF and plasminogen (where indi-
cated) while stirring. Microlyse or controls were added 6 minutes
after initiation of agglutination. Under these near-static condi-
tions, microthrombi first form and can subsequently be degraded

Figure 1 (continued) plasmin. (C) Microlyse variants (20.7 nM) activate 1.16 mM plasminogen in buffer. (D) Microlyse variants (207 nM) activate plasminogen in plasma.
(E) Binding of Microlyse variants to immobilized VWF. (F) Capture of full-length VWF or a VWF variant lacking the D’D3 domain (DD’D3) by immobilized Microlyse
variants. (G) Capture of recombinant D’D3 by immobilized Microlyse variants. (H) VWF-FVIII complexes in plasma after incubation with Microlyse variants. (I,J) Capture
of full-length VWF, C-terminal VWF truncation variants, or recombinant CT/CK domain by immobilized Microlyse variants. Data represent the mean 6 SD of 3 separate
experiments, each performed in duplicate.
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(Figure 3E). It takes approximately 2 minutes after addition of
Microlyse to achieve 50% degradation in a plasminogen-
dependent manner (Figure 3F). By comparison, nontargeting
Neg-Microlyse degrades microthrombi by 50% in approximately
8 minutes, due to plasminogen activation in solution (Figure 1C;
PAI-1 and a2-antiplasmin are absent in buffered systems) (Figure
3E-F). The difference in degradation rates between Microlyse and
Neg-Microlyse show the advantage of targeted delivery of mini-
uPA for degradation of microthrombi in this near-static system.
After degradation, Microlyse remains associated with approxi-
mately 30% of platelets in solution (supplemental Figure 2A), sug-
gesting that it is retained via a cleavage fragment of VWF. We
confirmed that Microlyse binds to immobilized VWF after com-
plete plasmin cleavage in vitro (supplemental Figure 2B-C).

Caplacizumab has recently been authorized for the treatment of
aTTP, and clinical experience with this therapy is growing.19

Caplacizumab* disrupts preformed microthrombi at a much
slower rate than Microlyse. It takes caplacizumab* approximately
29 minutes to dissolve microthrombi by 50% (Figure 3G-H) at
an equal molar concentration as was used for Microlyse
(Figure 3E-F).

In the next series of experiments, we compared the efficacy of
Microlyse to caplacizumab* in their ability to disrupt platelet-
VWF complexes under flow in ADAMTS13-inactivated plasma
on histamine-stimulated HUVEC. In a control setting (vehicle),
there is gradual accumulation of platelet-VWF complexes on the
endothelial cell surface (Figure 4A; platelets are highlighted
in red). Figure 4B and supplemental Figure 3A show quantifica-
tion of the number and total length of platelet-VWF complexes
on the HUVEC surface. The addition of Microlyse to the flow
system, 8 minutes after initiating platelet-VWF complex forma-
tion, prevents further accumulation and removes platelet-VWF
complexes from the HUVEC surface in a targeted manner
(Figure 4A-D,G; supplemental Figure 3A-C,F).

In this model, an equal concentration of caplacizumab* (but not
tPA) disrupts platelet-VWF complexes with comparable effi-
ciency to Microlyse (Figure 4A,E-G; supplemental Figure 3D-F).
In control experiments, we confirmed that activated Microlyse is
inhibited by PAI-1 with similar efficiency as activated (2-chain)
uPA (supplemental Figure 3G-H). Furthermore, the antifibrino-
lytic agent tranexamic acid (TXA) fully protects platelet-VWF
complexes from plasmin-mediated degradation. Finally, recon-
stitution of ADAMTS13-inactivated plasma with recombinant
ADAMTS13 destroys these complexes (supplemental Figure 3I).

Microlyse attenuates thrombotic
microangiopathy in vivo
In earlier studies, we demonstrated that systemic plasminogen
activation attenuates key features of TTP in Adamts13-deficient
mice.5 Here, we explored the therapeutic value of Microlyse in
this model (outlined in Figure 5A). Murine versions of Microlyse
and Neg-Microlyse were prepared by replacing the human mini-
UPA domain for the murine version. We triggered TTP attacks in
Adamts13-deficient mice by IV administration of an overdose of
human recombinant VWF (2250 IU/kg). Fifteen minutes later,
mice were treated with either Microlyse, Neg-Microlyse, caplaci-
zumab*, or saline (vehicle). After 24 hours, saline-treated mice
showed profound thrombocytopenia, which is characteristic of
the consumptive microthrombosis of TTP (Figure 5B). Further-
more, plasma lactate dehydrogenase (LDH) activity and PAI-1
levels were increased as a result of the ongoing microangiop-
athy and endothelial injury (Figure 5C and D, respectively).20

Treatment with Microlyse dose-dependently attenuates throm-
bocytopenia (Figure 5B; confirmed by blood smears in supple-
mental Figure 4) and fully corrects LDH activity and PAI-1 levels
back to baseline (Figure 5C and D, respectively). In contrast,
administration of Neg-Microlyse does not attenuate thrombocy-
topenia, nor does it correct elevated LDH activity or PAI-1 levels.
Together, these findings demonstrate the value of targeting
thrombolytic activity to VWF in vivo.

The reported maximal concentration of caplacizumab in plasma
of human subjects is 63.26 nM (1765 ng/mL; IV administration3)
or 21.51 nM (600 ng/mL; subcutaneous administration21). In our
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Figure 2. Microlyse binds to VWF on the surface of cultured endothelial
cells under flow. (A) Binding of Microlyse #1 and #2 (62.1 nM) to VWF on
histamine-stimulated endothelial cells under flow. Endothelial cells were stained
after fixation with DAPI (blue), and platelets were stained with anti-GPIba-APC
(red). VWF and Microlyse variants were stained with specific antibodies (green).
tPA or caplacizumab* were coupled to Alexa488 (green). Images are representative
of 3 separate experiments. (B) Binding of Microlyse variants to platelets in
ristocetin-treated whole blood, determined by flow cytometry. Data represent
the mean 6 SD of 3 separate experiments, each performed in duplicate.
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TTP model, caplacizumab* (416 nM) does not correct thrombo-
cytopenia while LDH activity and PAI-1 levels remain elevated
(Figure 5C-D). At an even higher dose (925 nM), hemocytomet-
ric analysis reports increased platelet counts, while blood smears
are still devoid of platelets (supplemental Figure 4). Further-
more, LDH activity and PAI-1 levels remain elevated upon
treatment with caplacizumab* (Figure 5C and D, respectively).
Interestingly, prophylactic administration of caplacizumab*
(416 nM; administered before TTP induction) results in partial
attenuation of thrombocytopenia, LDH activity, and PAI-1 lev-
els (supplemental Figure 5). This indicates that caplacizumab*
is unable to break the ongoing cycle of thrombotic microangi-
opathy within 24 hours but prevents the build-up of new
microthrombi. These insights correspond well to clinical stud-
ies and expert recommendations to administer caplacizumab
as early as possible.3,4,19

The observed correction of thrombocytopenia by Microlyse (Fig-
ure 5B) corresponded well to normalization of VWF antigen lev-
els 24 hours after the TTP challenge (Figure 5E). We observed
no significant changes in VWF multimer distribution between
treatments (supplemental Figure 6A). Interestingly, despite con-
genital ADAMTS13 deficiency, a shift in multimer size was
observed compared with the input material (rhVWF). This was
seen earlier in a rat model for TTP, where saline treatment led
to time-dependent lowering of multimer size.22

Intense thrombolytic treatment may be accompanied by sys-
temic fibrinogenolysis or consumptive plasminogen activation,
which translates into an increased risk of bleeding. Western blot
analyses showed that fibrinogen levels are increased 24 hours
after attack induction in both saline- and Neg-Microlyse-treated
mice compared with baseline (supplemental Figure 6B-C). Treat-
ment with Microlyse fully attenuates this (ie, fibrinogen levels are
normal), without evidence present for systemic plasminogen
consumption (supplemental Figure 6D-E). This suggests that the
increased fibrinogen levels during experimental TTP are the
result of hepatic tissue injury. This acute-phase reaction can be
avoided by Microlyse treatment.

Finally, we investigated possible global hemostatic defects
caused by Microlyse in a tail-clip bleeding model, which is
sensitive to therapeutic hyperfibrinolysis after tPA or uPA
administration.7,23 TTP attacks were triggered in ADAMTS13-
deficient mice, and treatment was administered as before.
Fifteen minutes later, the tail injury challenge was executed
(outlined in Figure 5A). Platelet counts were equally lowered
between groups (Figure 5F) and tail bleeding times were
comparable between saline- and Neg-Microlyse- or Microlyse-
treated mice (Figure 5G). In comparison, caplacizumab*-
treated mice displayed prolonged bleeding times, which
matches earlier findings in baboons treated with caplacizu-
mab.24 Together, these data indicate that targeted thrombol-
ysis is superior in safety compared with blockade of primary
hemostasis.

Discussion
We here describe the development of Microlyse, a VWF-
targeting thrombolytic agent for the treatment of TTP attacks.
The ultimate goal of any treatment of this condition is to reduce
the attack duration and limit ischemic tissue damage. We dem-
onstrate that Microlyse acts as a plasminogen activator that
binds with high affinity to VWF CT/CK domain (Figure 1). We
found that VWF acts as a scaffold for plasminogen activation by
Microlyse in a conformation-dependent manner (Figure 3A-D).
When bound to VWF polymers on endothelial cells, Microlyse
triggers their degradation by plasmin (Figure 4). This mechanism
is unlike that of caplacizumab*, which displaces platelets from
VWF polymers and inhibits microthrombus build-up. As a result,
both agents can disrupt elongated platelet-VWF complexes with
comparable efficacy (Figure 4). In contrast, enzymatic degrada-
tion of ristocetin-triggered microthrombi by Microlyse is far
more efficient than the passive disruption by caplacizumab* at
equal molar concentrations (Figure 3E-H).

Similarly, we found that Microlyse attenuates thrombocytopenia
in a preclinical in vivo TTP model (Figure 5). This treatment is
accompanied by complete normalization of plasma LDH activity,
PAI-1 and fibrinogen levels. This indicates that microvascular
obstructions have been removed and that ischemic tissue injury
has been terminated. By comparison, caplacizumab* is unable to
attenuate tissue injury, even when given therapeutically (ie, after
disease onset) at exceedingly high doses. This is unlike findings in
nonhuman primate studies where caplacizumab showed thera-
peutic value, but particularly when given before experimental
challenge.24 This suggests that the symptoms of triggered
thrombotic microangiopathy in our Adamts13-deficient mouse
model are more severe than those that spontaneously occur
in baboons after administration of an ADAMTS13-inhibiting
monoclonal antibody.

The mouse model that was used here was first described in a
study on the efficacy of recombinant human ADAMTS13 (rhA-
DAMTS13). The authors described that the administration of
320 U/kg rhADAMTS13 was therapeutic under conditions similar
to the ones in the present study.25 At higher doses, rhA-
DAMTS13 was effective in a rat model for aTTP.22 By compari-
son, a currently active (not recruiting) clinical trial is aiming to
study the efficacy of administration of 40 6 4 IU/kg
rADAMTS13, twice daily in combination with plasma exchange
(https://clinicaltrials.gov/ct2/show/NCT03922308). This dosing is
identical to that of the ongoing trial in congenital TTP (https://
clinicaltrials.gov/ct2/show/NCT03393975).

The behavior of Neg-Microlyse in our study shows the critical
dependence of this strategy on its targeting capacity. Without a
VWF-targeting moiety, Microlyse is unable to correct features of
TTP in a mouse model, which corresponds to its functional char-
acterization in in vitro experiments. This control protein also
shows that plasmin-mediated destruction in vivo is not depen-
dent on systemic plasminogen activation, even at the highest

Figure 5 (continued) treatment compounds. Experimental outcomes were determined either 15 minutes after treatment (t 5 30 min; tail-clip) or 24 hours after TTP
induction. (B) Platelet counts. (C) LDH activity. (D) PAI-1 levels. (E) VWF antigen levels 24 hours after administration of saline, Microlyse, or Neg-Microlyse (416 nM).
(F,G) Platelet counts and bleeding times 15 minutes after administration of saline, Microlyse, or Neg-Microlyse (416 nM). Data are represented as scatterplots with
medians. *P , .05, **P , .005, ***P , .0005, ****P , .0001, compared with saline by 1-way ANOVA with post hoc Dunnett’s multiple comparison test.

MICROLYSE blood® 27 JANUARY 2022 | VOLUME 139, NUMBER 4 605

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/139/4/597/1864246/bloodbld2021011776.pdf by guest on 22 January 2024

https://clinicaltrials.gov/ct2/show/NCT03922308
https://clinicaltrials.gov/ct2/show/NCT03393975
https://clinicaltrials.gov/ct2/show/NCT03393975


concentrations tested (supplemental Figure 6D-E). The repeated
observation that plasmin activity corrects thrombocytopenia (the
main driver of bleeding in TTP) while eliminating microthrom-
botic obstructions suggests that our strategy is safer than it
might intuitively sound. We hypothesize that, similar to the
application of tPA in stroke, the function of Microlyse is con-
trolled by endogenous inhibitors of the plasminogen activation
system. Future studies will have to address how and when to
apply this agent for optimal efficacy and safety.

Finally, we hypothesize that a VWF-targeting thrombolytic agent
may hold value in indications beyond TTP. The application of
tPA in conditions like stroke and myocardial infarction has pro-
vided a tremendous improvement to the clinical outcomes of
these conditions. Nevertheless, tPA is mainly effective in the
early phase of stroke development, but later on, the risk of
bleeding outweighs its clinical benefit. Despite effective initial
recanalization, a large subset of patients experience a perfusion
defect as a result of an ischemia-reperfusion injury. Similar
observations are made with percutaneous intervention for the
treatment of myocardial infarction. It has been demonstrated
that administration of recombinant ADAMTS13 to proteolyse
VWF polymers improves the outcome in preclinical models for
stroke and myocardial ischemia-reperfusion injury.26,27 It is
therefore attractive to speculate that VWF is an underestimated
player in these settings. We hypothesize that a thrombolytic
agent that generates plasmin in a VWF-dependent manner
would also have clinical benefits in these indications.
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